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Abstract 

Since  the  events  of  September  11,  2001,  security  for  the  nation’s  Intercontinental 
Ballistic  Missile  (ICBM)  force  has  become  a  prominent  concern  for  personnel  in  the 
highest  levels  of  government.  This  has  resulted  in  many  physical  security  upgrades  and 
new  methods  for  countering  hostile  activities.  Missile  maintenance  personnel  have 
traditionally  been  concerned  only  with  preserving  high  weapon  system  alert  rates.  This 
goal  was  often  achieved  at  the  expense  of  optimal  security  for  the  ICBMs  they 
maintained.  This  research  seeks  to  find  the  optimal  placement  for  one  layer  of  the 
security  net  protecting  these  crucial  assets,  the  daily-deployed  security  forces  Fire  Teams. 

The  problem  of  finding  the  optimal  placement  for  these  forces  is  modeled  as  a 
facility  location  problem.  Three  of  the  many  methods  of  locating  facilities  available  in 
the  literature  are  selected  to  solve  this  problem.  This  gives  decision  makers  alternate 
methods  to  solve  the  problem  based  on  their  objectives.  The  maximum  covering  location 
problem  strives  to  cover  the  maximum  demand  possible  with  a  predetennined,  finite 
number  of  facilities.  The  p-center  problem  covers  all  demand  and  seeks  to  minimize  the 
maximum  distance  between  a  demand  point  and  a  servicing  facility.  The  p-median 
problem  intends  to  minimize  the  demand-weighted  total  distance  between  demand  sites 
and  servicing  facilities.  In  this  research,  a  penetrated  Launch  Facility  represents  a 
demand  site  and  a  Fire  Team  represents  a  servicing  facility.  In  addition  to  these  three 
methods,  a  hybrid  model  is  developed  to  first  employ  a  p-center  solution  and  then  attempt 
to  reduce  the  total  distance  using  a  p-median  approach. 


IV 


Comparison  of  the  four  models  is  based  on  Fire  Team  usage,  the  average  response 
time  calculated  from  the  placement  of  the  respective  Fire  Teams,  the  average  total 
distance,  and  the  average  maximum  distance  any  Fire  Team  is  located  from  a  penetrated 
Launch  Facility.  These  comparisons  take  place  using  actual  data  from  F.  E.  Warren 
AFB  from  January  through  May  of  2004.  Decision  makers,  based  on  relevant  objectives, 
must  detennine  the  preferred  solution. 
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MINIMIZING  SECURITY  FORCES  RESPONSE  TIMES  THROUGH  THE  USE 


OF 

FACILITY  LOCATION  METHODOLOGIES 

I.  Introduction 

Problem  and  Purpose  Statement 

Current  Intercontinental  Ballistic  Missile  (ICBM)  security  requirements  and 
missile  maintenance  objectives  are  incompatible.  Each  strives  to  satisfy  a  different 
objective,  which  often  places  them  in  direct  conflict  with  one  another.  The  purpose  of 
this  research  is  to  develop  models  that  can  be  used  to  minimize  security  forces  response 
times  based  on  daily  scheduled  maintenance  requirements  and  to  provide  managers  a 
decision  making  tool  for  evaluating  trade-offs  between  minimizing  response  times  and 
completing  required  maintenance  actions. 

Background 

The  Minuteman  Intercontinental  Ballistic  Missile  weapon  system  has  been  a  pillar 
of  the  United  States’  strategic  deterrence  for  more  than  forty  years  and  will  continue  to  be 
so  for  the  foreseeable  future.  The  ability  to  maintain  and  protect  the  weapon  system  was 
a  crucial  factor  in  the  United  States  winning  the  Cold  War.  The  current  version  of  the 
weapon  system,  the  Minuteman  III,  is  deployed  at  three  wings:  Malmstrom  AFB, 
Montana — 200  ICBMs;  Minot  AFB,  North  Dakota — 150  ICBMs;  and  F.  E.  Warren  AFB, 
Wyoming — 150  ICBMs  (F.  E.  Warren  AFB  also  maintains  a  contingent  of  Peacekeeper 
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missiles,  which  will  be  nearly  or  completely  deactivated  at  the  time  this  thesis  is 
published).  All  wings  are  broken  down  into  squadrons  of  50  ICBMs  each  and  flights  of 
10  ICBMs.  A  site  containing  an  ICBM  is  known  as  a  Launch  facility  (LF).  A  Missile 
Alert  Facility  (MAF)  is  assigned  to  each  flight.  The  MAF  houses  the  launch  control 
officers,  flight  security  controller,  additional  support  personnel,  and  maintains  the  ability 
to  feed  and  house  maintenance  and/or  additional  security  personnel  required  to  Remain 
over  Night  (RoN).  LFs  and  MAFs  at  F.  E.  Warren  AFB  are  alpha-numerically  numbered 
with  the  letter  identifying  the  flight  and  the  number  identifying  the  LF  or  MAF  number. 
All  MAFs  utilize  a  letter  combined  with  the  number  1. 

The  system  has  earned  credibility  as  a  viable  deterrent  through  its  ability  to 
achieve  high  alert  rates  on  a  consistent  basis,  normally  exceeding  99%  annually. 
Dedicated  maintainers  perfonning  priority,  periodic,  and  weapon  system  upgrade 
maintenance  are  the  key  to  achieving  these  alert  rates.  Achieving  and  sustaining  these 
high  alert  rates  has  always  been  the  primary  goal  of  the  maintenance  efforts. 
Traditionally,  security  considerations  have  been  subordinate  to  this  goal,  in  the  minds  of 
most  maintainers  and  maintenance  schedulers,  and  have  been  an  afterthought  to 
achieving  high  alert  rates. 

A  structured  priority  system  serves  as  a  guide  to  repair  and  upgrade  the  weapon 
system.  Guidance  for  establishing  priorities  is  contained  in  Air  Force  Space  Command 
Instruction  (AFSPCI)  21-114,  Attachment  2,  which  is  Appendix  A  to  this  thesis.  The 
highest  priority,  Priority  1  discrepancies,  are  actions  required  to  repair  equipment  critical 
to  the  safe  operation  of  the  weapon  system  and  those  actions  required  to  prevent  damage, 
or  further  damage,  to  the  weapon  system.  Priority  2  discrepancies  normally  pertain  to 


2 


off-alert  sorties  and  often  consist  of  major  maintenance  activities.  Major  maintenance 
activities  are  actions  that  require  the  Launcher  Closure  (LC)  door  to  be  opened  when  the 
Reentry  System  (RS)  is  present.  This  fully  exposes  the  missile  silo  and  thus  the  entire 
weapon  system.  This  is  often  referred  to  as  an  “open-hole”  situation.  These  activities 
normally  require  replacement  of  Aerospace  Vehicle  Equipment  (AVE),  which  consists  of 
the  RS,  Missile  Guidance  System  (MGS),  and  Propulsion  System  Rocket  Engine  (PSRE). 
Certain  seldom  perfonned  actions  may  also  occur  and  be  considered  major  maintenance 
if  the  LC  door  requires  opening  and  the  RS  is  present.  All  other  priorities  have  varying 
degrees  of  significance,  with  Priority  8  as  informational  and  Priority  9  deferred.  This 
hierarchy  determines  how  and  when  to  schedule  maintenance  actions  and  places  periodic 
maintenance  at  the  lower  end  of  importance,  as  Priority  6  discrepancies. 

Protecting  the  weapon  system  from  damage,  destruction,  and  theft  is  crucial  to  the 
nation’s  security.  A  specified  number  of  security  escorts  are  allocated  to  each 
maintenance  team  that  penetrates  an  operational  Launch  Facility  (LF)  based  on  the  type 
of  maintenance  the  team  is  to  perform.  These  security  escorts  are  only  required  when  the 
LF  is  to  be  penetrated,  that  is,  when  the  maintenance  team  will  enter  into  the  silo  itself. 
Additional  requirements  ensure  that  additional  forces  are  able  to  respond  if  a  hostile 
event  occurs.  A  much  larger  security  force  is  required  to  perform  major  maintenance 
activities.  The  primary  goal  of  security  is  the  protection  of  the  primary  nuclear  weapon, 
the  RS.  Additionally,  each  LF  contains  critical  classified  components,  which  also  require 
protection. 

The  events  of  September  11,  2001  have  placed  a  much  higher  degree  of  emphasis 
on  security  for  ICBMs.  The  nation  cannot  afford  the  dire  consequences  of  damage  or 
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theft  of  even  one  of  its  nuclear  assets.  Over  the  course  of  the  past  three  years,  many 
physical  security  upgrades  were  developed  and  have  been,  or  soon  will  be,  deployed. 
These  physical  security  upgrades,  along  with  the  existing  system,  are  designed  to  delay  a 
hostile  act  long  enough  for  a  security  force  to  respond  to  the  threat  and  eliminate  it.  This 
was  also  the  purpose  of  the  original  Minuteman  Entry  Control  System.  The  system 
utilizes  a  series  of  user  authentications  and  time  delayed  entry  procedures  to  ensure 
proper  personnel  are  accessing  the  system  and  delays  unauthorized  personnel,  when  the 
LF  is  unmanned,  long  enough  for  a  response  to  occur.  Authorized  personnel  are  also 
subject  to  certain  delays  during  entry. 

Both  a  primary  and  secondary  door  protects  the  primary  personnel  access  shaft. 
The  primary  door  consists  of  steel  and  concrete  with  a  magnetic  security  switch.  Split 
control  is  inherent  throughout  the  weapon  system.  To  gain  entry  to  the  LF,  security 
escorts  draw  Missile  Electronic  Encryption  Device  units  (MEEDs)  from  “A-side”  code 
controllers  and  maintenance  personnel  draw  MEEDS  units  from  “B-side”  code 
controllers.  Access  to  the  primary  door  is  granted  by  unlocking  and  removing  the 
Security  Pit  Vault  Door,  which  also  contains  a  magnetic  switch  that  actuates  an  alarm 
when  the  combination  dial  is  moved  a  prescribed  number  of  digits  away  from  its  null 
position.  This  door  is  often  referred  to  as  the  “A-circuif  ’  because  only  the  security 
escorts  receive  the  combination  and  are  permitted  to  open  the  door.  The  secondary  door 
is  a  14,000-pound  steel  cylinder  with  twelve  locking  bolts  and  two  combination  locks. 
These  locks  also  contain  the  same  type  of  magnetic  switch/alarm  system  as  the  “A- 
circuit’ ’  and  the  alarm  activates  after  moving  a  prescribed  number  of  digits  from  the  null 
position.  This  door  is  only  opened  by  maintenance  personnel  and,  as  such,  is  often 
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referred  to  as  the  “B-plug”.  After  the  combination  is  properly  dialed  and  the  locking 
bolts  retracted,  a  timer  actuates  and  the  door  will  begin  to  lower  after  thirty  minutes  have 
elapsed.  The  LC  door  covers  the  entire  silo  and  protects  it  from  access  and  weather 
exposure.  It  has  a  similar  magnetic  switch  to  the  other  doors  that  activates  an  alarm  when 
the  door  is  moved  a  predetermined  length.  The  LC  door  consists  of  steel  reinforced 
concrete  and  weighs  120  tons.  Obviously,  great  measures  are  taken  to  protect  the  system 
as  it  lies  in  its  standby  state,  great  measures  must  also  be  taken  to  protect  it  when  it  is 
exposed  for  maintenance. 

Recent  demands  from  the  highest  levels  of  government  to  reduce  security  forces 
response  times  will  put  an  increased  strain  on  the  already  tenuous  availability  of  security 
forces.  Effectively  deploying  available  security  forces  and  exercising  sound  decision¬ 
making  policies  when  completing  all  daily  maintenance  requirements  is  infeasible  is  the 
only  way  to  ensure  system  protection  and  effectiveness.  These  enhanced  security 
requirements  will  require  a  balance  between  achieving  maintenance  goals  and  affording 
the  proper  level  of  protection  to  the  weapon  system.  It  is  unlikely  that  both  goals  can  be 
achieved  simultaneously  on  a  consistent  basis  without  some  trade-offs  occurring. 

Decision  makers  will  be  put  in  the  tenuous  position  of  choosing  which  goal  must  be 
compromised  on  a  daily  basis.  Consistent  cancellation  of  maintenance  actions  will 
undoubtedly  cause  the  system  to  degrade  over  time,  while  even  more  dire  consequences 
are  perceivable  without  adequate  security  for  the  weapon  system.  This  research  seeks  to 
remove  some  of  the  pressure  from  decision  makers  by  providing  them  with  a  reliable 
tool(s)  that  will  provide  them  with  options  to  balance  resources  among  competing 
objectives. 
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Research  Questions 


This  research  seeks  to  answer  the  following  question:  Can  a  user-friendly 
modeling  technique  be  developed  to  minimize  security  forces  response  times  while 
providing  decision  makers  with  a  tool  for  balancing  trade-offs  between  maintenance 
requirements  and  optimal  or  near  optimal  security  forces  response  times?  This  question 
addresses  the  current  operating  environment  and  acknowledges  the  possibility  of 
requiring  some  trade-offs  in  alert  rates  to  achieve  heightened  security.  The  basis  for 
answering  this  primary  question  is  answering  three  investigative  questions. 

Investigative  Questions 

1 .  Does  the  current  method  of  positioning  security  forces  provide  optimal 
response  times? 

2.  Can  a  user-friendly  tool  be  developed  to  assist  decision  makers? 

3.  What  are  the  limited  numbers  of  locations  that  can  be  selected  to  minimize 
response  times  with  available  forces? 

Methodology 

This  study  utilizes  linear  optimization  techniques  to  develop  theoretical  models. 
This  approach  incorporates  data  on  LF  locations,  interconnecting  roads  that  allow 
security  forces  to  respond  to  possible  hostile  events,  and  available  security  forces  Fire 
Teams,  into  four  distinct  location  models.  Each  of  these  models  can  be  described  as 
discrete  location  models  composed  of  different  types  of  servicing  facilities  and  demand 
nodes.  The  servicing  facilities  are  the  LFs,  Missile  Alert  Facilities  (MAFs),  and 
arbitrarily  selected  staging  areas  located  at  selected  road  intersections.  Demand  nodes 
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are  penetrated  LFs.  The  models  aspire  to  optimize  or  near-optimize  placement  of 
security  forces  response  teams  based  on  the  daily  scheduled  maintenance  requirements. 
The  models  can  be  adjusted  to  allow  decision  makers  to  exercise  trade-off  options.  For 
instance,  a  decision  maker  may  wish  to  ensure  that  all,  or  some,  periodic  maintenance  is 
accomplished  on  a  given  day(s).  To  accomplish  this,  a  weighting  factor  can  be  applied  to 
these  LFs,  or  any  other  LFs  requiring  penetration  to  rank  order  them  for  maintenance 
completion.  A  weighting  factor  is  not  used  in  this  research,  but  can  be  easily  applied 
within  the  models. 

Scope 

This  thesis  utilizes  data  collected  on  the  150  Minuteman  III  LFs  at  F.  E.  Warren 
AFB,  Wyoming  for  calendar  year  2003  and  January  through  May  of  2004.  The  findings 
and  conclusions  are  applicable  only  to  this  wing  based  on  the  factors  considered. 
However,  it  is  hoped  the  results  will  be  generalizeable  to  other  similar  units.  Changing 
requirements  and  variables  will  impact  the  effectiveness  of  employing  the  developed 
models  at  other  locations.  Although  the  other  two  missile  wings  share  similar 
characteristics,  the  findings  and  conclusions  must  be  tailored  to  those  wings’  peculiarities 
before  they  can  be  effectively  employed. 

Assumptions 

Several  critical  assumptions  are  made  in  developing  this  thesis,  and  they  are  listed 
below. 

•  No  consideration  is  given  to  higher  FPCON  (Charlie  and  Delta)  procedures 
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•  The  collected  data  does  not  differ  significantly  from  other  years 

•  Response  times  are  static — there  is  no  allowance  for  increased  speeds  of 
responders.  (NOTE:  A  speed  allowance  of  40  mph  is  selected.  This  speed  is  a 
balance  between  the  required  speed  on  gravel  (25  mph)  and  on  paved  roads 
(posted  speed  not  to  exceed  65  mph).  This  allows  for  response  forces  that  would 
likely  increase  speed  on  gravel  in  a  real  world  hostile  situation  and  accounts  for 
slower  winter  driving  conditions.) 

•  Data  collected  from  F.  E.  Warren  AFB  is  representative  of  the  other  wings 

•  No  Peacekeeper  LF  maintenance  requirements  were  considered 

•  The  required  number  of  Fire  Teams  stipulated  by  instruction  are  always  available 

•  A  Fire  Team  covering  an  open-hole  site  is  unavailable  to  cover  any  other 
penetrated  LFs 

Significance 

It  is  hoped  that  the  utilization  of  the  methods  described  in  this  thesis  will  lead  to 
faster  response  times  without  significantly  sacrificing  alert  rates.  It  is  believed  that  the 
methods  described  here  may  be  employed  at  all  three  existing  Minuteman  III  ICBM  units 
at  Malmstrom  AFB,  Minot  AFB,  and  F.  E.  Warren  AFB  with  adjustments  for  individual 
wing  variables.  By  utilizing  the  models  presented  in  this  research,  security  forces  and 
maintenance  planners  can  have  a  structured  method  of  assigning  security  forces  and  a 
tool  for  decision  making.  This  represents  a  marked  improvement  over  the  current 
methods  employed  at  F.  E.  Warren  AFB,  Wyoming. 


Thesis  Overview 


This  chapter  provides  the  rationale  for  constructing  models  to  minimize  security 
forces  response  times.  Relevant  background  infonnation  is  provided  as  a  frame  of 
reference.  This  research  will  provide  decision  makers  with  a  tool  for  minimizing 
response  times  and  balancing  trade-offs. 

Chapter  II  describes  the  requirements  specified  in  applicable  DoD  and  Air  Force 
directives.  The  chapter  covers  some  of  the  previous  efforts  to  improve  security  forces 
response  times.  The  chapter  addresses  some  of  the  previous  research  conducted  in  the 
area  of  location  analysis  and  focuses  on  the  three  methods  selected  for  this  research. 

Chapter  III  presents  the  methodology  of  this  thesis.  It  covers  the  collection  of  the 
data,  the  selection  and  formulation  of  the  location  modeling  techniques  and  the  specific 
model  set  formulations  which  for  the  basis  for  analysis  in  Chapter  IV. 

Chapter  IV  discusses  the  results  of  each  different  model  set.  Comparisons  within 
each  model  type  and  between  model  types  are  displayed.  These  comparisons  fonn  the 
basis  for  conclusions  in  Chapter  V. 

Chapter  V  discusses  the  conclusions  and  inferences  that  can  be  drawn  from  the 
model  results.  Recommendations  are  provided  to  implement  the  use  of  these  models  and 
suggestions  for  future  research  possibilities  are  discussed. 
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II.  Background 


Introduction 

This  chapter  reviews  the  pertinent  DoD  and  Air  Force  directives  that  establish 
current  doctrine.  Relevant  directives  for  both  maintenance  and  security  personnel  are 
described.  The  general  security  requirements  and  definition  of  a  penetrated  site  are 
presented.  Additionally,  previous  attempts  by  individuals  to  improve  weapon  system 
security  are  described,  and  the  current  method  of  deploying  Fire  Teams  at  F.  E.  Warren 
AFB  is  outlined.  Characteristics  of  facility  location  models  are  also  presented,  and  they 
will  fonn  the  basis  for  the  developed  models.  This  includes  a  brief  history  on  the 
development  of  location  analysis  and  some  of  the  different  methods  employed  by  various 
researchers.  A  general  description  of  heuristics  and  the  particulars  of  the  GRASP 
(Greedy  Randomized  Adaptive  Search  Procedures)  heuristic  are  provided.  Finally,  a 
focus  on  the  three  facility  location  methods  used  in  this  research  and  their  relevant 
objectives  is  presented. 

DoD  and  Air  Force  Objectives 

DoD  S-5210.41-M  (Draft)  establishes  the  general  security  requirements  for  the 
nation’s  nuclear  assets.  Air  Force  specific  policy  is  derived  from  these  general  DoD 
requirements.  These  requirements  revolve  around  six  security  concept  elements:  denial, 
detection,  delay,  assessment,  communications,  and  response.  These  concept  elements 
present  a  hierarchy  of  actions  to  employ  to  protect  the  ICBM  force,  with  the  primary  goal 
of  denial.  Commands  are  responsible  for  fonnulating  security  procedures,  augmented  by 
security  plans  developed  by  local  commanders.  Maximum  response  times  to  unmanned, 
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secured  LFs  are  presented  in  this  DoD  policy,  but  no  specific  response  times  are 
mandated  for  responding  to  a  possible  hostile  event  at  a  penetrated  LF.  (DoD  S-52 10.41  - 
M  (Draft),  undated)  Due  to  the  classification  of  this  regulation,  Unclassified  Nuclear 
Control  Information  (UNCI),  a  minimal  amount  of  the  actual  requirements  are  presented 
in  this  research. 

Air  Force  Space  Command  Instruction  (AFSPCI)  31-1101  establishes  security 
requirements  for  the  Minuteman  III  and  Peacekeeper  weapon  systems  (Peacekeeper  is 
nearing  completion  of  deactivation).  This  instruction  identifies  LFs  containing  a  Reentry 
System  as  a  Protection  Level  (PL)  1  asset.  (AFSPCI  31-1101,  2004)  PL  1  assets  are 
afforded  the  highest  degree  of  protection  possible  and  must  retain  maximum  means  to 
achieve  detection,  interception,  and  defeat  of  a  hostile  force  before  it  is  able  to  seize, 
damage,  or  destroy  assets.  (AFP AM  36-2241,  2003)  Within  this  instruction  are  specific 
procedures  for  granting  access  to  LFs  and  MAFs.  Specific  steps  are  outlined  for 
authentication  of  personnel  and  for  securing  the  system  during  component  failure 
situations.  Protection  of  the  weapon  system  is  attained  through  a  layered  approach.  This 
includes  the  physical  security  attributes  of  the  LF  and  several  different  teams  and 
compositions  of  security  forces  personnel.  (AFSPCI  31-1101,  2004) 

The  specific  number  of  required  security  escorts  at  a  penetrated  LF  is  stipulated 
and  the  minimum  number  of  deployed  Fire  Teams  is  outlined  for  each  wing.  The  only 
current  requirement  is  to  have  these  Fire  Teams  deployed  within  the  missile  complex, 
which,  at  F.  E.  Warren  AFB,  is  an  approximately  12,600  square  mile  area.  A  Fire  Team 
normally  consists  of  four  security  forces  personnel  equipped  with  appropriate  armaments 
specified  in  the  Air  Force  Supplement  to  DoD  S-52 1 0.4 1-M.  The  instruction  also 
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contains  procedures  for  responding  to  possible  hostile  events.  Fire  Teams  are  just  one 
component  of  a  Response  Force  designated  by  security  forces  personnel,  but  normally 
have  more  personnel  and  better  equipment  than  designated  initial  responders,  Security 
Response  Teams  (SRTs).  (AFSPCI  31-1 101,  2004) 

Each  wing  is  charged  to  develop  a  Flight  Time-Distance  Response  Matrix  for  all 
of  its  flights.  These  matrices  display  response  times  for  security  forces  in  individual 
flight  areas.  They  identify  response  times  from  each  flight’s  MAF  to  a  range  of  sites. 
Each  matrix  requires  review  annually.  (AFSPCI  31-1101,  2004)  At  F.  E.  Warren  AFB, 
these  matrices  identify  all  the  LFs  within  sixty  minutes  of  respective  MAFs.  These 
matrices  are  primarily  used  to  ascertain  response  times  to  unmanned  LFs  by  SRTs  when  a 
security  zone  violation  occurs.  Security  zone  violations  can  be  caused  by  actual  hostile 
activities  or  something  as  unthreatening  as  a  rabbit  entering  the  zone.  The  matrices  at 
F.  E.  Warren  AFB  do  not  identify  response  times  between  each  LF  or  from  potential 
staging  areas  to  LFs.  Therefore,  they  are  of  little  use  unless  responding  security  forces 
are  only  positioned  at  a  MAF.  AFSPCI  31-1101  is  concerned  with  the  security  of  the 
weapon  system  and  establishes  the  security  forces  operating  environment. 

Air  Force  Instruction  (AFI)  21-114,  Managing  Intercontinental  Ballistic  Missiles 
Maintenance,  establishes  the  basic  doctrine  for  managing  the  ICBM  fleet.  It  states 

Ensure  activities  aim  toward  and  support  the  Single  Integrated 
Operational  Plan  or  assigned  mission,  i.e.,  deactivation  or  conversion  and 
the  force  development  evaluation  program.  Follow  maintenance 
management  policy  and  procedures  to  achieve  the  most  efficient  use  of 
manpower  and  fiscal  resources,  safety,  surety,  readiness,  and  maintenance 
productivity.  The  Maintenance/Logistics  Group  Commander  will:  Ensure 
a  safe,  timely  response  to  discrepancies  at  missile  sites,  missile  alert 
facilities,  and  support  facilities,  placing  extra  emphasis  towards  clearing 
non-mission  capable  and  partial-mission-capable  discrepancies;  Direct 


12 


maintenance  production  efforts;  Coordinate  with  appropriate  agencies  to 
ensure  accomplishment  of  the  maintenance  mission;  Determine 
maintenance  priorities  and  schedule  expenditures  of  resources  in  support 
of  the  maintenance  priority  system.  (AFI  21-114,  2000) 

The  Single  Integrated  Operational  Plan  is  the  outline  for  the  actual  use  of  nuclear 

weapons  in  a  wartime  environment.  It  describes  a  range  of  scenarios  and  tactics  to 

employ  should  the  need  to  use  nuclear  weapons  ever  arise. 

AFSPCI  21-114,  Intercontinental  Ballistic  Missile  (ICBM)  Maintenance 

Management,  states  that 

All  maintenance  actions  and  management  efforts  must  be  directed 
towards  maximum  availability  of  ICBMs  in  support  of  the  United  States 
Strategic  Command  (USSTRATCOM)  requirements  directives.  All 
maintenance  supervisors  are  mandated  to  use  all  resources  in  the  most 
effective  and  efficient  way  with  emphasis  on  the  safety  and  welfare  of  the 
technician.  Maintenance  activities  will  ensure  complete  quality 
maintenance  and  absolute  compliance  with  technical  data,  safety  and 
security  standards.  (AFSPCI  21-114,  2003) 

Requirements  for  all  levels  of  ICBM  maintenance  managers  are  detailed  in  this 

instruction.  It  also  advocates  close  coordination  between  maintenance  schedulers  and 

security  forces  to  ensure  proper  security  coverage.  This  instruction  is  concerned  with  the 

upkeep  of  the  weapon  system  and  establishes  the  missile  maintainers’  operating 

environment. 


Previous  Initiatives 

Innovative  deployment  of  security  forces  is  not  a  practice  that  only  began  after 
September  11,  2001.  A  similar  concept  to  the  one  discussed  in  this  research  was 
proposed  in  1999  by  (then)  Captain  Jack  Seaberg  of  the  790th  Security  Forces  Squadron 
at  F.  E.  Warren  AFB.  (Seaberg,  1999)  The  concept  was  to  create  a  security  “umbrella” 


13 


under  which  maintenance  would  be  conducted.  The  following  was  the  general  proposal: 
“The  umbrella  security  concept  is  to  cluster  all  penetrated  site  maintenance  within  a 
specified  area  of  the  missile  field  to  ensure  greater  protection  and  deterrence.”  (Seaberg, 
1999)  This  proposal  attempted  to  limit  maintenance  operations  that  required  an  open 
hole  or  penetrated  LF  to  remain  within  the  umbrella.  The  proposal  also  had  a  goal  of 
limiting  below-grade  maintenance  operations  to  the  hours  of  0700-1700,  with  a  targeted 
LF  closing  time,  fully  secured,  of  1900.  This  was  deemed  necessary  to  allow  Fire  Teams 
to  travel  to  their  RoN  locations  to  receive  sufficient  rest  before  the  next  day’s  operations. 
The  umbrella  was  to  be  centered  at  one  of  F.  E.  Warren’s  twenty  MAFs  to  provide  a  base 
of  operations  that  would  allow  Fire  Teams  to  branch  out  and  respond  to  any  hostile 
threats.  The  goal  was  to  ensure  the  umbrella  Fire  Teams  could  respond  to  any  penetrated 
LF  within  60  minutes.  The  proposal  went  on  to  state  “Umbrella  positioning  will  be 
maintenance  driven  and  determined  by  maintenance  requirements.”  (Seaberg,  1999) 

A  penetrated  site  is  one  in  which  the  inner  security  zone  is  entered  into  to  perform 
maintenance.  It  is  what  the  mainstream  public  may  visualize  when  they  think  of  nuclear 
weapons;  technicians  are  actually  within  the  missile  silo  working  on  the  missile  or  its 
support  components.  This  is  when  the  LF  requires  special  security  considerations.  The 
presence  and  potentially  unobstructed  access  to  both  the  nuclear  warhead  and  classified 
critical  components  creates  the  need  for  these  security  considerations.  Other  types  of 
maintenance  are  often  perfonned  at  an  LF  that  does  not  require  penetration,  and  this 
could  include  above  grade  maintenance  and  maintenance  within  the  Launch  Support 
Building  (LSB).  The  LSB  contains  standby  power  systems  and  environmental  control 
components  that  are  not  critical  for  launch.  No  special  security  considerations  are 
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warranted  during  these  actions  because  the  inner  security  zone  remains  intact  and  no 
unobstructed  access  is  provided. 

The  security  umbrella  concept  was  not  well  received  by  maintenance  planners  and 
was  tested  but  never  implemented.  Although  the  stated  goal  was  to  ensure  umbrella 
positioning  was  driven  by  maintenance  requirements,  the  actual  testing  resulted  in  pre¬ 
ordained  positioning  of  the  umbrella  by  security  forces.  This  had  the  effect  of  limiting 
maintenance  to  only  the  area  covered  by  the  umbrella,  thus,  it  was  not  truly  maintenance 
driven.  This  created  an  open  rift  between  maintenance  planners  and  security  forces 
leadership.  This  reflects  the  previously  mentioned  mentality  of  maintainers  in  achieving 
their  goals.  Still,  this  concept  is  very  similar  to  this  research.  The  main  difference  is  that 
positioning  of  security  forces  is  driven  by  maintenance  requirements  in  this  study  and  the 
goal  will  be  to  achieve  an  optimum  or  near  optimum  minimum  response  time,  instead  of 
a  goal  of  60-minutes. 

Another  approach  to  deal  with  enhancing  security  was  proposed  by  Captain 
Jerome  James  and  the  341st  Maintenance  Group  in  a  presentation  to  General  Lord  of  Air 
Force  Space  Command  in  early  2004.  (James,  2004)  In  their  proposal,  the  option  of 
removing  the  Reentry  System  and  perfonning  all  annually  required  maintenance  during  a 
set  period  of  time  was  advocated.  This  method  would  require  extensive  coordination 
between  the  various  types  of  maintenance  teams  and  likely  result  in  much  overtime  pay 
for  civilian  workers.  This  method  purports  to  reduce  the  number  of  security  escorts 
required  per  day,  but  comes  at  a  high  cost.  The  negative  impact  on  the  maintenance 
effort  is  extreme  and  will  likely  require  a  re-structuring  of  periodic  maintenance 
requirements.  Further,  by  the  proposers’  own  estimation,  the  loss  of  only  one  or  two  days 
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of  maintenance  could  take  months  to  recover  from.  (James,  2004)  This  is  highly  likely 
since  all  three  wings  normally  lose  several  days  of  maintenance  per  year  due  to  extreme 
weather  conditions,  often  found  at  these  northern  tier  bases.  More  maintenance  days  are 
normally  lost  to  safety  down  days  and  other  extraneous  events. 

Current  Method 

The  current  approach  to  deploying  Fire  Teams  at  F.  E.  Warren  AFB  is  detennined 
on  a  daily  basis.  The  criterion  is  based  upon  the  Fire  Teams’  location  at  the  time  and  the 
location  of  penetrated  LF  maintenance  activities.  Security  forces  schedulers  attempt  to 
deploy  teams  to  limit  the  amount  they  will  have  to  travel  to  get  to  their  RoN  locations 
while  also  positioning  them  near  penetrated  LFs.  There  is  currently  no  structured  or 
automated  system  for  ascertaining  optimum  positioning  of  Fire  Teams.  In  October  2004, 
a  security  conference  was  convened  at  F.  E.  Warren  AFB,  which  included  attendees  from 
all  three  missile  wings,  20th  Air  Force,  AF  Space  Command,  and  DoD  security  personnel. 
A  tentative  decision  was  made  to  modify  DoD  S-5210.41-M  to  employ  the  umbrella 
concept  for  perfonning  maintenance  and  deploying  security  forces  personnel.  (Seaberg, 
2004) 

To  date,  no  AFIT  theses  or  other  known  studies  have  been  conducted  concerning 
the  optimal  placement  of  security  forces  personnel.  Several  classified  exercises  and 
studies  have  occurred  intended  to  analyze  the  inherent  vulnerabilities  of  the  system  and 
potential  physical  security  preventative  measures.  Some  of  these  physical  measures  have 
already  been,  or  soon  will  be,  deployed.  Improved  security  forces  tactics  have  also  arisen 
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based  on  these  exercises.  These  exercises  and  studies  are  highly  classified  and  no 
attempt  was  made  to  obtain  the  data  within  them. 

Location  Analysis 

Location  selection  has  been  a  concern  of  man  since  the  dawn  of  time.  Man  first 
sought  those  areas  that  afforded  him  the  most  protection  and  available  food  sources.  The 
first  areas  of  civilization  sprung  up  near  areas  abundant  in  natural  resources.  As 
civilizations  began  trading,  cities  were  located  along  transportation  routes,  most  notably 
in  areas  with  natural  harbors.  Location  in  recent  times  has  been  a  primary  concern  for 
both  business  and  family  dwelling  locations.  Businesses  seek  to  maximize  their 
competitive  advantage  at  the  lowest  possible  cost  while  homeowners  attempt  to  ensure  a 
safe  living  environment  and  a  good  return  on  their  investment.  These  desires  inevitably 
led  to  the  development  of  location  selection  theories. 

Drezner  and  Hamacher,  in  their  book  Facility  Location:  Applications  and  Theory, 
attempt  to  outline  the  history  of  location  methodology.  (Drezner  &  Hamacher,  2002) 
According  to  these  authors,  location  selection  as  a  science  likely  began  sometime  in  the 
seventeenth  century.  The  initial  premise  was  to  find  the  spatial  median.  Essentially 
every  location  problem  developed  was  spawned  by  this  initial  mathematical  problem. 

The  history  is  very  convoluted  and  many  authors  attribute  the  origination  of  the  spatial 
median  problem  to  different  scholars  during  this  time.  Still,  the  timeframe  is  fairly 
consistent,  no  matter  who  the  actual  credit  is  attributed  to.  For  years,  it  appears  that  the 
problem  was  difficult  to  solve  and  its  solution  bore  little  fruit  as  a  useful  tool.  Therefore, 
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the  problem  remained  in  the  realm  of  theory  for  scholarly  debate  until  early  in  the 
twentieth  century. 

The  Industrial  Revolution  provided  an  outlet  for  application  of  the  theories  as 
businesses  sought  to  locate  their  factories  where  they  could  minimize  transportation 
costs.  One  early  solution  is  based  on  what  is  commonly  known  as  the  Weber  Problem. 
(Freidrich,  1929)  The  formulation  of  this  problem  attempts  to  find  the  point  that 
minimizes  the  sum  of  weighted  Euclidean  distances  from  the  chosen  location.  The 
weights  are  typically  associated  with  fixed  points  and  represent  costs  per  unit  distance. 
The  location  that  minimizes  these  costs  is  then  chosen  for  building  a  factory,  warehouse, 
or  distribution  center.  (Drezner  &  Hamacher,  2002) 

Since  these  early  location  optimization  formulations,  a  myriad  of  different 
methods  have  been  proposed,  based  on  the  needs  of  the  user.  Most  problems  can  be 
described  as  continuous,  if  there  is  an  infinite  or  unknown  number  of  possible  locations, 
or  discrete,  if  only  a  predetermined  number  of  possibilities  exist.  Continuous  location 
problems  are  normally  designed  as  “site  generating”  (Drezner  &  Hamacher,  2002) 
because  they  are  initially  designed  to  find  a  limited  number  of  possibilities.  Many 
heuristics  have  been  developed  to  limit  the  number  of  candidate  sites  based  on  some 
predetermined  criteria.  These  were  necessary  in  the  era  of  limited  computer  power  and 
may  still  be  so  for  very  large  problems  with  a  multitude  of  decision  variables.  This 
research  employs  optimization  and  heuristic  techniques  and  is  a  discrete  location 
problem,  since  the  range  of  locations  has  already  been  limited  to  specific  geographical 
points. 
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Even  with  a  limited  number  of  location  possibilities,  discrete  location  problems 
can  be  very  difficult  to  solve,  especially  optimally.  Their  computational  complexity  has 
limited  wide  spread  use  of  solution  methods  until  high-speed  computer  use  became 
commonplace.  Each  location  model  is  also  very  application  specific  based  on  the 
objectives,  constraints,  and  variables  presented  by  the  entity  seeking  a  solution. 
Consequently,  a  generalized  model  appropriate  for  all  situations  or  applications  does  not 
exist.  However,  most  location  models  are  derivations  of  eight  basic  models:  set¬ 
covering,  maximal  covering,  p-center,  p-dispersion,  p-median,  fixed  charge,  hub,  and 
maxisum.  (Drezner  &  Hamacher,  2002)  Each  of  these  models  presents  different 
objectives  which  can  be  tailored  to  individual  requirements  through  inclusion  of  user- 
specified  variables  and  constraints. 

The  objective  of  the  set  covering  problem  (Toregas  &  Revelle,  1972)  is  to  locate 
the  minimum  number  of  facilities  required  to  service,  or  cover,  all  of  the  demand  nodes. 
The  objective  is  constrained  to  a  maximum  allowable  distance  in  order  to  be  considered 
covered.  The  solution  to  this  problem  is  not  bounded  to  a  certain  number  of  facilities;  it 
can  result,  therefore,  in  a  theoretically  infinite  number  of  selected  facilities.  This  model 
represents  a  budget-less  solution.  (Drezner  &  Hamacher,  2002)  The  other  seven  models 
are  step-wise  derivations  of  this  model,  modified  to  incorporate  different  objectives.  To 
modify  the  problem  and  constrain  it  to  an  upper  limit  for  facilities,  the  maximal  covering 
location  problem  (MCLP)  is  used.  (Church  &  Revelle,  1974)  In  this  formulation,  the 
objective  is  to  locate  a  predetermined  number  of  facilities,  p,  in  a  manner  that  maximizes 
the  demand  that  is  covered.  Both  of  these  formulations  assume  that  the  covering  distance 
is  a  predetermined,  fixed  distance.  (Drezner  &  Hamacher,  2002) 
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The  p-center  problem  (Hakimi,  1964)  expands  on  the  MCLP  by  minimizing  the 
maximum  distance  between  a  demand  node  and  its  closest  servicing  facility,  given  the 
already  predetermined  number  of  facilities  to  locate.  It  can  be  either  a  vertex  p-center 
problem,  where  the  set  of  candidate  facility  sites  are  restricted  to  the  nodes  of  the 
network,  or  an  absolute  p-center  problem,  which  pennits  facilities  to  be  located  anywhere 
along  the  arcs  of  the  network.  The  primary  objective  of  the  p-dispersion  problem  is  to 
maximize  the  minimum  distance  between  two  facilities.  This  problem  remains  limited  to 
the  predetermined  number  of  facilities  and  is  useful  in  reducing  cannibalization  between 
stores,  reducing  vulnerabilities,  and  other  objectives  that  require  facilities  to  be  widely 
separated.  (Drezner  &  Hamacher,  2002) 

The  p-median  problem  seeks  to  minimize  the  demand-weighted  total  distance 
between  facilities  and  demand  nodes.  The  weighting  factor  is  normally  cost,  but  can  be 
any  other  chosen  variable.  This  model  assumes  that  fixed  costs  are  the  same  for  locating 
a  facility  at  a  potential  site,  there  are  no  capacity  constraints,  and  the  number  of  facilities 
to  locate  is  predetennined  and  fixed.  The  fixed  charge  location  problem  was  developed 
to  address  objectives  that  are  contrary  to  these  assumptions.  Its  objective  is  to  minimize 
both  facility  and  transportation  costs.  Utilizing  this  method,  the  optimal  number, 
location,  and  demand  assignments  are  detennined.  (Drezner  &  Hamacher,  2002) 

Hub  location  problems  are  formulated  to  locate  the  hubs  and  delivery  routes  of 
hub  and  spoke  systems.  These  models  attempt  to  minimize  total  cost,  normally  as  a 
function  of  distance.  The  objective  function  minimizes  the  sum  of  transporting  items 
between  non-hub  nodes  and  their  respective  hubs,  the  cost  from  the  final  hub  to  the 
destination,  and  the  inter-hub  movement  costs.  The  maxisum  location  problem  is 
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generally  concerned  with  the  location  of  undesirable  facilities.  Its  objective  seeks  to 
maximize  the  demand-weighted  distance  between  demand  nodes  and  the  facilities  to 
which  they  are  assigned.  (Drezner  &  Hamacher,  2002)  This  model  may  be  appropriate 
for  prisons,  landfills,  etc. 

In  his  book  Network  and  Discrete  Location:  Models,  Algorithms,  and 
Applications  author  Mark  S.  Daskin  provides  a  comprehensive  introduction  to  the  art  and 
science  of  locating  facilities.  (Daskin,  1995)  The  book  espouses  to  be  a  hands-on  guide 
to  using  and  developing  facility  location  models.  It  introduces  model-building  methods 
and  solution  algorithms.  Daskin  identifies  four  classical  location  problems:  covering, 
center,  median,  and  fixed  charge.  Derivations  of  these  four  problems  can  produce  the 
same  eight  location  models  identified  by  Drezner  and  Hamacher.  The  stated  objectives 
for  these  models  provided  by  Daskin  are  very  similar  to  those  identified  by  Drezner  and 
Hamacher.  Daskin  provides  some  methodological  tools  for  solving  location  models  and 
provides  insights  into  when  each  approach  is  useful  and  what  information  it  provides. 
(Daskin,  1995)  This  information  was  useful  in  ascertaining  which  types  of  location 
models  to  use  in  this  research. 

There  are  literally  thousands  of  articles  and  books  written  on  various  location 
analysis  models.  Many  of  the  mathematical  models  are  developed  to  solve  narrowly 
focused  objectives.  Since  user  requirements  are  often  unique,  a  potentially  infinite 
number  of  models  can  be  developed  and  utilized.  Each  is  dependent  on  the  objectives 
and  constraints  identified  by  the  end  user.  Facility  location  methodologies  have  been 
employed  in  a  wide  range  of  decisions;  locating  distribution  centers  and  factories, 
machinery  dispersion  in  a  factory,  computer  network  designs,  and  various  military 
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applications.  The  literature  review  for  the  models  selected  in  this  research  will  focus  on 
some  of  the  military  studies  that  were  accomplished  utilizing  those  particular  models. 

There  are  essentially  three  ways  in  which  the  problem  in  this  study  can  be  framed. 
It  can  be  seen  as  a  maximum  covering  location  problem,  whereby  the  maximum 
achievable  number  of  scheduled  penetrated  LFs  would  be  covered  within  a  specified 
response  time  given  the  number  of  Fire  Teams  available.  This  requires  the  use  of  a 
maximum  covering  location  problem  model.  The  second  alternative  is  to  minimize  the 
aggregate,  or  total,  response  time.  This  requires  all  scheduled  penetrated  LFs  to  be 
covered  and  minimizes  the  overall  response  time.  This  requires  the  use  of  a  p-median 
location  model,  where  p  is  the  number  of  Fire  Teams  available.  The  third  alternative  is  to 
minimize  the  maximum  response  time  to  any  one  penetrated  LF.  This  method  again 
entails  covering  all  scheduled  penetrated  LFs  but  seeks  to  achieve  the  lowest  possible 
maximum  response  time  to  any  particular  penetrated  LF  using  a  p-center  solution.  All 
three  are  viable  alternatives  and  can  be  used  depending  upon  the  nature  of  instructional 
requirements  and  maintenance  and  security  goals.  This  research  intends  to  develop  a 
model  for  all  three  methods  that  can  be  used  by  managers  for  comparative  analysis  and  in 
deploying  their  security  forces.  Additionally,  a  hybrid  model  is  developed  that  first 
employs  a  p-center  solution  and  then  strives  to  improve  the  total  distance  objective  by 
employing  a  p-median  solution. 

Maximum  Covering  Location  Problem  (MCLP) 

The  maximum  covering  location  problem  is  appropriate  if  policy  or  instruction 
requires  a  specified  response  time.  The  objective  applicable  to  this  research  is  to  locate  a 
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specified  number  of  Fire  Teams  in  a  manner  that  maximizes  the  number  of  covered, 
penetrated  LFs.  This  method  would  quickly  display  the  tradeoff  between  response  times 
and  maintenance  requirements.  Since  the  number  of  Fire  Teams  is  deterministic,  the 
response  time  is  entered  into  the  model  as  the  primary  constraint  by  converting  it  to  a 
distance.  Any  LFs  that  cannot  be  covered  within  the  specified  response  time  (distance) 
are  canceled  from  that  day’s  schedule.  This  would  show  managers  what  maintenance 
requirements  are  foregone,  allow  them  to  re-designate  priorities,  and  plan  to  compensate 
for  missed  maintenance.  Since  it  is  likely  that  not  all  sites  will  be  covered  with  this 
method  everyday,  this  can  quickly  cause  an  unmanageable  backlog  of  maintenance 
requirements.  This  researcher  considers  this  the  last  resort,  to  be  used  only  if  Air  Force 
or  higher  instructions  require  a  specified  response  time.  This  methodology  has  been 
utilized  in  several  military  applications,  including  AFIT  theses. 

In  1997,  Major  Douglas  E.  Fuller  studied  the  optimal  placement  of  airborne 
surveillance  assets.  His  AFIT  thesis  sought  to  provide  an  automated  planning  tool  for 
optimum  positioning  of  Air  Force  surveillance  assets  for  theater-level  campaigns.  In  his 
study,  Fuller  used  a  heuristic  to  solve  the  MCLP  because  of  the  large  number  of  potential 
positioning  locations.  Fuller  utilized  Euclidean  distance  measurements  in  his  research 
because  the  stated  covering  radius  was  of  short  length.  Fuller  employed  two  scenarios  to 
test  his  model,  one  for  Iraq  and  one  for  the  Far  East.  Both  scenarios  employed  a  175 
nautical  mile  cover  radius.  (Fuller,  1997) 

The  Iraq  scenario  identified  205  potential  targets  inside  a  900  by  900  nautical 
mile  cover  grid.  Total  coverage  was  obtained  in  his  model  with  only  four  aircraft.  Fuller 
was  further  able  to  demonstrate  that  99%  of  the  required  coverage  could  be  accomplished 
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with  only  three  aircraft.  The  Far  Eastern  scenario  contained  133  potential  targets  inside 
an  approximately  1,260  by  1,260  nautical  mile  cover  grid.  In  this  scenario,  90%  of  the 
required  coverage  was  accomplished  with  only  three  aircraft.  However,  100%  coverage 
could  not  be  completed  using  six  aircraft.  This  demonstrates  the  economy  of  assigning 
additional  resources  to  obtain  minimal  benefit.  His  models  and  results  can  assist  planners 
and  commanders  with  at  least  good  approximations  of  the  number  of  aircraft  required  to 
fulfill  the  surveillance  mission.  (Fuller,  1997) 

The  MCLP  methodology  was  also  used  by  1st  Lieutenant  M.  Melih  Basdemir  in 
an  AFIT  thesis  that  attempted  to  find  the  optimal  locations  for  stationing  search  and 
rescue  units  in  the  Aegean  and  Western  Mediterranean  regions  of  Turkey.  In  his 
formulation,  Basdemir  assigned  bonus  values  to  high  priority  demand  points.  This 
effectively  weighted  the  model  to  strive  to  cover  these  high  priority  demand  points. 
Candidate  location  points  were  limited  to  existing  military  facilities  and  other  potential 
sites.  As  in  this  research,  Basdemir’ s  model  had  more  candidate  points  than  demand 
points.  Contrary  to  this  research,  however,  demand  points  were  not  fixed.  Basdemir 
used  demand  points  that  represented  a  specific  area  requiring  coverage  and  were 
adjustable.  This  significantly  adds  to  the  complexity  of  the  MCLP  model.  (Basdemir, 
2000) 

Basdemir  examined  the  problem  in  three  stages.  The  first  solved  the  problem 
with  normal  coverage  distances.  The  second  incorporated  abnonnal  coverage  distances. 
Finally,  the  third  applied  worst-case  scenarios.  This  obviously  produced  three  different 
solutions  and  Basdemir  chose  to  develop  a  combined  decision  based  on  the  results.  The 
combined  solution  incorporated  the  maximum  coverage  solution  from  each  scenario  and 
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the  alternative  optimal  solutions.  The  union  of  these  solutions  was  then  ascertained  and 
the  solution  that  maximized  coverage  with  the  minimum  number  of  Search  and  Rescue 
stations  was  selected.  (Basdemir,  2000) 

p-median  Problem 

The  p-median  methodology  should  be  employed  if  minimizing  the  weighted 
response  time  is  the  primary  goal.  This  methodology  can  also  be  employed,  as  is  the  case 
in  this  research,  to  minimize  the  aggregate  response  time  when  no  weighting  factor  is 
employed.  In  this  research,  response  time  is  dependent  on  distance,  so  the  appropriate 
objective  then  is  to  minimize  the  total  distance  between  Fire  Teams  and  penetrated  LFs. 
This  research  assumes  that  all  demand  is  equal,  so  no  weighting  factor  is  employed.  This 
is  appropriate  because  any  penetrated  LF  containing  a  Reentry  System  has  the  same 
vulnerabilities  and  is  exposed  to  an  equal  amount  of  threat.  All  penetrated  LFs  are 
covered  utilizing  this  method.  This  methodology,  along  with  the  p-center  methodology, 
has  been  utilized  in  several  military  applications,  including  AFIT  theses,  two  of  which 
are  portrayed  here. 

Major  David  L.  Merrill’s  limited  distribution  AFIT  thesis  addressed  minimizing 
the  enroute  distance  of  flight  inspection  missions.  His  major  objective  was  to  evaluate 
the  merits  of  an  initial  proposal  to  base,  at  that  time,  new  C-29  aircraft  at  Scott  AFB.  It 
was  already  decided  that  the  six  new  aircraft  would  be  based  at  a  single  location.  To 
solve  the  p-median  problem,  Merrill  weighted  the  distances  by  the  frequency  of 
inspection  missions  that  occurred.  He  limited  his  calling  population  to  the  top  fifty 
requesting  bases,  out  of  a  possible  103  locations.  At  the  time  his  thesis  was  completed, 
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1989,  computing  power  was  far  from  what  it  is  today.  Therefore,  his  analysis  was 
performed  by  developing  a  simple  distance  matrix.  (Merrill,  1989) 

Merrill  calculated  the  median  by  taking  the  minimum  of  all  column  averages. 

The  resulting  optimal  location  utilizing  the  p-median  methodology  was  Tinker  AFB, 
Oklahoma.  Merrill  developed  a  “radius  of  distinction”  of  500  to  600  miles  and  found  that 
Scott  AFB  fell  well  within  this  radius.  He  therefore  surmised  that  a  move  from  the 
original  basing  location  appeared  to  be  unwarranted.  Merrill  suggested  that  his  research 
be  furthered  by  including  all  103  data  locations  to  determine  if  the  results  would  be 
similar.  (Merrill,  1989)  This  seems  a  logical  course  of  action  and  would  have  been  easier 
to  accomplish  with  the  passage  of  time,  as  computing  power  and  speed  progressed. 

Another  AFIT  thesis  written  by  Captain  Jon  A.  Eberlan  is  strikingly  similar  to  this 
research,  yet  his  methods  are  relevant  for  a  different  objective.  Eberlan’ s  goal  was  to 
optimize  the  location  of  the  continental  United  States  strip  alert  sites  to  support  homeland 
defense.  His  research  was  also  inspired  by  the  events  of  September  11,  2001,  which 
necessitated  better  protection  of  the  homeland  and  more  dedicated  aircraft  to  achieve  this 
goal.  As  in  this  research,  demand  was  assumed  to  be  equal,  so  no  weighting  factor  is 
applied,  and  the  primary  objective  is  minimized  response  time.  (Eberlan,  2004) 

In  Eberlan’ s  fonnulation,  aircraft  numbers  and  sorties  fluctuated,  but  the  cover 
area  was  assumed  to  be  constant.  He  identified  202  potential  candidate  sites  based  on 
support  and  runway  length  requirements,  among  other  minor  considerations.  He 
employed  four  different  models  based  on  coverage  for  different  types  of  areas  and 
inclusion/exclusion  of  certain  demand  and  candidate  points.  A  critical  distance  was  used 
as  the  driver  of  the  computation  of  the  objective  function.  Each  model  was  placed 
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through  several  iterations  with  varying  launch  times  and  aircraft  speeds.  Each  model 
produced  different  results  due  to  different  numbers  of  demand  and  candidate  location 
sites  included.  (Eberlan,  2004) 

p-center  Problem 

The  p-center  methodology  should  be  used  when  the  goal  is  to  minimize  the 
maximum  response  time  to  any  particular  penetrated  LF.  The  p-center  objective  in  this 
research  is  to  minimize  the  maximum  distance,  thus  minimizing  the  response  time, 
between  a  penetrated  LF  and  its  closest  Fire  Team.  This  method  allows  managers  to 
view  individual  response  times  to  each  LF  and  to  add  or  drop  maintenance  requirements 
to  observe  the  impact  on  response  times.  All  penetrated  LFs  are  covered  with  this 
method  and  each  receives  equal  weight.  The  same  AFIT  theses  mentioned  for  the  p- 
median  problem  also  used  the  p-center  problem  formulation. 

Merrill,  as  in  his  p-median  fonnulation,  also  used  a  weighting  factor  in  his  p- 
center  formulation.  He  used  the  same  distance  matrix  developed  for  the  p-median 
problem  and  identified  the  center  as  the  minimum  distance  of  all  column  maximums. 
(Merrill,  1989)  No  weighting  factor  is  applied  to  the  p-center  problem  in  this  research. 
Merrill  found  that  his  p-center  solution  was  very  sensitive  to  changes  in  the  number  of 
visits  to  particular  locations,  especially  distant  overseas  locations.  More  frequent  visits  to 
Europe  drove  his  p-center  solution  towards  the  eastern  United  States,  while  more 
frequent  visits  to  Japan  drove  the  solution  towards  the  western  United  States.  (Merrill, 
1989)  This  is  logical  because  of  the  weighting  factor  he  used  and  the  objective  of  the  p- 
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center  problem,  which  is  to  minimize  the  maximum  distance  between  a  facility  and  a 
demand  node. 

Eberlan  utilized  a  classic  vertex  p-center  model  identical  to  the  one  utilized  in  this 
research.  The  objective  of  minimizing  response  times  is  the  same  as  that  of  this  research. 
Again,  due  to  different  parameters  in  the  four  models  utilized,  he  arrived  at  different 
conclusions  for  each  model.  The  different  iterations  within  each  model,  using  varied 
launch  times  and  air  speeds,  produced  the  same  results.  This  is  because  the  same 
objective  of  minimizing  the  maximum  distance  was  prevalent.  (Eberlan,  2004) 

Heuristics 

Heuristics  are  generic  “rules  of  thumb”  employed  in  decision  making.  They 
allow  for  quick  decisions  when  a  “good”  solution  is  adequate  to  satisfy  the  needs  of  the 
decision  maker.  The  use  of  heuristics  can  result  in  an  optimal  solution,  but  this  is 
normally  not  the  case.  One  reason  to  utilize  a  heuristic  is  to  avoid  the  extensive  amount 
of  time,  or  expense,  as  in  this  research,  associated  with  finding  an  optimal  solution.  A 
good,  working  definition  of  a  heuristic  is  provided  by  Hinkle  and  Kuehn  (1967): 

A  heuristic. .  .is  a  short  cut  process  of  reasoning. .  .that  searches  for 
a  satisfactory,  rather  than  optimal,  solution.  The  heuristic  which  reduces 
the  time  spent  in  the  search  for  the  solution  of  a  problem,  comprises  a  rule 
or  a  computational  procedure  which  restricts  the  number  of  alternative 
solutions  to  a  problem,  based  upon  the  analogous  human  trial-and-error 
process  of  reaching  acceptable  solutions  to  problems  for  which  optimizing 
algorithms  are  not  available.  (Hinkle  &  Kuehn,  1967) 

Many  different  heuristics  are  available  with  varying  degrees  of  accuracy. 

Accuracy  is  normally  measured  by  the  percentage  deviation  from  the  optimal  solution, 
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when  it  is  known.  The  perfonnance  of  heuristics  is  a  function  of  the  method  employed, 
the  problem  requiring  a  solution,  and  the  number  of  variables  and  constraints. 

GRASP 

The  Greedy  Randomized  Search  Procedure  (GRASP)  is  an  iterative  search 
process  initially  created  by  Feo  and  Resende  (1989).  A  solution  to  an  optimization 
problem  is  generated  during  each  iteration  and  the  best  of  all  the  solutions  is  kept  as  the 
overall  best  result.  Basically,  the  procedure  is  designed  to  find  a  localized  optimum 
solution  based  on  pre-established  parameters  and  then  check  other  areas  for  a  better 
solution.  If  a  better  solution  is  found,  it  becomes  the  best  solution  unless  another  better 
solution  is  found  during  subsequent  iterations.  This  process  continues  until  the  procedure 
reaches  some  predefined  stopping  point. 

Resende  and  Ribeiro  (2002)  provide  an  excellent  explanation  of  how  GRASP 
works  and  describe  its  basic  fonnulation.  These  authors  describe  GRASP  as  a  “multi¬ 
start  or  iterative  process”  consisting  of  two  phases;  a  construction  phase  and  a  local 
search  phase.  The  construction  phase  develops  a  feasible  solution  and  then  the  local 
search  phase  searches  the  neighborhood  around  that  solution  until  a  local  minimum  is 
found.  This  result  is  kept  and  a  greedy  function  is  used  to  select  the  next  element  to 
incorporate.  The  greedy  function  is  tied  to  a  cost  function.  This  leads  to  the  development 
of  a  restricted  candidate  list  (RCL)  consisting  of  the  elements  having  the  best  outcome  on 
the  cost  function.  The  elements  to  be  drawn  into  the  partial  solution  are  then  randomly 
selected  from  the  RCL.  The  RCL  is  then  updated  and  the  effect  of  the  incorporated 
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elements  are  evaluated.  The  criterion  for  stopping  is  established  by  specifying  a 
maximum  number  of  iterations  to  perform.  (Resende  &  Ribeiro,  2002) 

Feo  and  Resende  (1989)  tested  their  procedure  on  six  set  covering  problems. 

Their  results  showed  that  the  procedure  found  the  optimal  solution  in  four  of  the 
problems  and  the  best  known  solution  to  the  other  two  (the  ability  to  generate  an  optimal 
solution  did  not  exist  at  that  time  because  of  the  size  of  the  problems).  (Feo  &  Resende, 
1989)  As  with  all  heuristics,  the  performance  of  this  procedure  can  vary  depending  on 
the  problem  at  hand  and  the  number  of  variables  and  constraints  involved. 

Resende  and  Werneck  (2002)  tested  a  variation  of  GRASP,  know  as  GRASP 
with  path-relinking,  on  the  p-median  problem.  In  their  study,  they  were  able  to  show  that 
their  method  obtained  solutions  within  0.2  percent  of  the  best  know  solutions  in  all 
testing  cases.  Their  study  compared  their  results  to  other  heuristics,  including  the  nonnal 
GRASP  procedure.  This  comparison  showed  that  nonnal  GRASP  performs  very  well 
with  the  p-median  problem.  One  class  of  p-median  problems  they  tested,  known  as 
ORLIB  (acronym  for  OR-Library),  shows  that  nonnal  GRASP  does  not  deviate  at  all 
from  the  optimal  solution  in  39  of  40  cases  with  n  ranging  from  100  to  900  and  p  ranging 
from  5  to  200.  The  one  deviation  occurred  with  n  equal  to  900  and  p  equal  to  90.  This 
produced  only  a  0.02  percent  deviation  from  the  optimal  solution.  (Resende  &  Werneck, 
2002) 

Other  Considerations 

Daskin  acknowledges  that  location  selection  does  not  occur  in  a  vacuum  without 
considering  other  influences.  The  following  excerpt  addresses  the  problem  faced  in  this 
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research  and  the  ever-present  issue  of  funding:  “The  number  of  facilities  to  be  located  as 
well  as  the  size  of  the  individual  facilities  is  often  a  function  of  the  service/cost  tradeoffs. 
In  many  cases,  the  quality  of  service  improves  as  the  number  of  facilities  located 
increases,  but  the  cost  of  providing  the  service  also  increases.”  (Daskin,  1995)  Although 
security  forces  Fire  Teams  are  not  facilities,  they  will  be  located  statically  each  day  for 
response  purposes.  This  allows  facility  location  methodologies  to  be  employed. 

Although  the  number  of  Fire  Teams  is  established  by  instruction,  any  attempt  to  increase 
their  number  would  obviously  result  in  higher  costs  for  the  Air  Force. 

The  selection  by  decision  makers  of  which  methodology  to  employ  will  be  a 
crucial  factor  in  balancing  conflicting  goals.  The  maximum  covering  location  problem 
model  will  allow  decision  makers  to  view  any  lost  maintenance  while  establishing  a 
maximum  allowable  response  time.  The  selection  of  the  p-median,  p-center,  or  hybrid 
methodologies  provides  simultaneous  accomplishment  of  both  goals.  These 
methodologies  will  allow  all  maintenance  to  be  conducted  and  provide  the  optimal,  or 
near  optimal,  placement  of  Fire  Teams  to  minimize  response  times,  based  on  the 
particular  sites  that  are  scheduled  daily.  However,  this  optimal,  or  near  optimal,  response 
time  may  be  greater  than  the  decision  makers  are  willing  to  accept.  Therefore,  these 
models  will  allow  decision  makers  to  remove  any  sites  they  wish  from  the  schedule  and 
recalculate  the  deployment  of  Fire  Teams  and  their  response  times. 

Summary 

This  chapter  described  some  of  the  aspects  of  DoD  and  Air  Force  directives 
relevant  to  this  research.  A  penetrated  site  was  defined  and  the  current  method  of 
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deploying  Fire  Teams  at  F.  E.  Warren  AFB  was  outlined.  Previous  attempts  to  improve 
security  for  the  weapon  system  were  detailed.  A  brief  history  of  location  analysis  was 
presented  with  specific  focus  on  the  three  methods  utilized  in  this  research.  Chapter  III 
will  describe  the  methodology  employed  to  solve  this  problem  utilizing  the  three  different 
methods  and  show  how  the  models  are  developed. 
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ITT.  Methodology 


Introduction 

This  chapter  introduces  the  methods  employed  to  fonn  the  basis  for  analysis  in 
this  research.  The  three  location  analysis  methods  utilized  and  solution  techniques 
employed  are  described  in  detail.  The  mathematical  formulation  of  the  three  location 
type  models  and  distance  and  response  time  calculations  are  outlined.  The  hybrid  p- 
center/p-median  model  developed  utilizes  the  fonnulations  and  methods  of  these  two 
model  types  in  a  sequential  manner.  The  solutions  to  the  constructed  models  form  the 
basis  of  the  results  and  analysis  presented  in  Chapter  IV. 

Problem/Purpose  Statement 

Current  security  requirements  and  maintenance  objectives  are  incompatible.  Each 
strives  to  satisfy  a  different  objective,  which  often  places  them  in  direct  conflict  with  one 
another.  The  purpose  of  this  research  is  to  develop  models  for  decision  makers  to 
minimize  security  forces  response  times  while  simultaneously  achieving  an  adequate 
maintenance  schedule. 

Theoretical  Model 

The  hypothesis  is  that  the  available  number  of  Fire  Teams  can  be  positioned  using 
a  facility  location  methodology  to  ensure  minimum  response  times  are  achieved. 
Candidate  locations  are  selected  from  all  existing  Minuteman  LFs,  MAFs,  and  a  set  of 
arbitrary  points  selected  by  the  researcher  within  the  missile  road  complex  utilizing  F.  E. 
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Warren  AFB’s  route  folder.  This  results  in  233  candidate  locations  as  staging  areas.  The 
arbitrarily  selected  points  are  all  located  at  road  intersections  and  are  chosen  based  on 
their  proximity  to  LFs.  The  current  method  of  deploying  Fire  Teams  is  described  in 
Chapter  II  of  this  research.  Since  there  is  no  established  method  associated  with  the 
current  deployment  scheme,  the  four  models  must  be  compared  to  each  other  for  analysis. 

Data 

The  following  data  was  collected  from  F.  E.  Warren  AFB  for  calendar  year  2003, 
except  Daily  LF  maintenance  performed,  which  was  collected  for  January  through  May 
of 2004: 


•  Security  forces  response  times  matrices  from  Missile  Alert  Facilities 
(MAFs)  to  LFs 

•  Daily  Status  Sheets  from  January  through  May  of  2004 

•  Periodic  maintenance  due  dates 

•  Daily  security  escort  availability  and  number  requested  by  maintenance 

•  Daily  off-alert  sorties  and  location 

•  Daily  Priority  1  maintenance  occurrences 

•  Daily  LF  maintenance  performed 

•  Off-alert  hours  per  sortie  by  date 

Not  all  of  this  data  is  required  for  this  research,  but  may  be  useful  in  furthering 
the  findings  of  this  research.  All  data  reflects  historical  records  maintained  at  F.  E. 
Warren  AFB  and  was  obtained  from  Twentieth  Air  Force.  (Overholts,  2004)  Some  data 
was  missing  on  security  escort  availability  and  number  requested  by  maintenance,  mostly 
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weekend  and  holiday  data.  Priority  one  maintenance  occurrences  were  received  only  as  a 
total  number  for  the  year  and  the  number  that  required  LF  penetration.  Daily  LF 
maintenance  was  determined  from  the  Daily  Status  Sheets  maintained  at  the  wing  for 
January  through  May  of  2004.  Off-alert  hours  were  taken  from  data  stored  in  the 
Improved  Maintenance  Management  Program  (IMMP). 

Data  on  LF  and  MAF  latitude/longitude  coordinates  is  collected  from  a  public 
website  (http://w3.uwyo.edu/~jimkirk/warren-mm.html).  Coordinates  for  the  arbitrarily 
selected  staging  areas  are  obtained  by  using  the  free  trial  version  of  AccuGlobe®,  found 
at  website  http://www.ddti.net/accuglobe_info.asp.  Road  overlays  for  Colorado, 
Nebraska,  and  Wyoming  are  obtained  at 

http://arcdata.esri.com/data/tiger2000/tiger_download.cfm.  Latitude/longitude 
coordinates  of  the  arbitrarily  selected  staging  areas  are  obtained  by  plotting  the  staging 
areas  on  these  maps  and  viewing  the  displayed  coordinates. 

Data  Analysis 

Major  Jack  Seaberg  from  the  790  MSFS  at  F.  E.  Warren  AFB  confirmed  the 
coordinates  for  each  LF  and  MAF  to  be  accurate.  These  coordinates  are  presented  in 
degrees,  minutes,  and  seconds  fonnat.  To  be  incorporated  into  the  models,  the 
coordinates  are  converted  to  decimal  degrees.  This  is  accomplished  by  dividing  the 
stated  minutes  by  60  and  the  stated  seconds  by  3600.  This  number  is  then  added  to  the 
respective  number  of  degrees.  The  coordinates  for  the  arbitrarily  selected  staging  areas 
are  detennined  using  AccuGlobe®,  which  reports  coordinates  to  the  third  decimal  point. 
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This  data  is  then  used  to  build  a  distance  matrix  detailing  the  mileage  between  each  LF, 
MAF,  and  staging  area. 

The  incorporation  of  actual  penetrated  sites  into  the  models  is  achieved  by 
reviewing  the  Daily  Status  Sheets  provided.  This  data  is  subject  to  interpretation 
because,  in  many  cases,  several  Daily  Status  Sheets  were  developed  during  the  course  of 
a  single  day.  When  in  question,  the  tendency  in  this  research  is  to  incorporate  the  highest 
number  of  LFs  that  may  have  been  penetrated.  This  method  is  employed  to  account  for 
unplanned  diversion  of  teams  to  penetrate  sites  that  are  not  documented  on  the  Daily 
Status  Sheets.  These  diversions  occur  regularly  in  real  world  scenarios.  This  is 
inconsequential  to  the  performance  of  the  models  since  even  randomly  generated  LFs 
would  serve  as  a  basis  for  comparing  the  perfonnance  of  the  models.  All  Fridays, 
Saturdays,  and  Sundays  are  excluded  due  to  the  normally  low  workload  attempted  during 
these  days.  Although  Peacekeeper  maintenance  was  still  ongoing  during  the  data 
collection  period,  those  penetrated  LFs  are  not  incorporated  as  penetrated  sites  nor  are 
any  allowances  made  to  allocate  Fire  Teams  to  Peacekeeper  LFs  incurring  major 
maintenance  activities.  This  produces  53  useable  data  points  (days)  for  analysis. 

Data  on  the  number  of  Fire  Teams  available  during  the  data  collection  period  is 
unavailable.  The  number  of  Fire  Teams  input  into  the  models  for  comparison  purposes  is 
based  on  the  requirements  stipulated  in  AFSPCI  31-1101,  unless  there  were  open-holes. 
LFs  with  open  holes  are  not  input  into  the  models  and  the  number  of  Fire  Teams 
available  is  adjusted  down  one  for  each  open-hole  LF.  This  is  based  on  the  practice  of 
assigning  responsibility  for  an  open-hole  LF  to  a  Fire  Team  and  no  other  penetrated  LFs 
are  assigned  to  that  Fire  Team.  These  LFs  are  not  included  as  penetrated  LFs  requiring 
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coverage  in  the  models,  as  they  are  considered  covered  by  a  single  Fire  Team  and  that 
Fire  Team  is  able  to  cover  only  that  LF. 

Since  there  currently  is  no  structured  method  of  deploying  Fire  Teams  at  F.  E. 
Warren  AFB  and  no  historical  account  of  how  the  Fire  Teams  were  deployed  within  the 
data  collection  period,  each  model  is  compared  to  the  others  based  on  Fire  Team 
utilization,  average  response  time,  average  total  distance,  average  maximum  distance  any 
Fire  Team  is  located  from  a  penetrated  LF,  and  number  of  scheduled  LFs  not  covered  by 
a  Fire  Team.  The  number  of  Fire  Teams  required  is  developed  as  a  user  input  to  the 
models.  This  allows  for  adjustment  when  Fire  Teams  are  dedicated  to  cover  an  open- 
hole  LF. 

Distance  Metric  Selection 

There  are  three  distance  metrics  commonly  used  in  location  analysis.  These 
distance  metrics  are:  1.  Geographic  distance  (using  latitude  and  longitude);  2.  Euclidean 
or  straight-line  distance;  and  3.  Rectilinear  or  Manhattan  distance.  (Eberlan,  2004)  Also, 
a  routing  factor  can  be  used  to  adjust  any  of  these  three  measures  to  more  closely 
approximate  real  world  routing  distances.  The  missile  complex  road  network  consists 
mainly  of  gravel  roads  and  some  interstate  and  state  highway  systems;  therefore,  the 
network  is  not  a  normal  urban  network  and  the  rectilinear  distance  option  is  eliminated 
for  this  study.  Routing  factor  weighting  is  also  not  used  in  this  research.  Instead,  the 
geographic  distance  metric  is  selected  over  the  Euclidean  distance  metric  because  of  the 
availability  of  the  latitude  and  longitude  coordinates  of  F.  E.  Warren  AFB’s  Minuteman 
missile  sites  and  the  desire  for  accuracy  and  ease  of  use  of  the  computed  latitude- 


37 


longitude  distances.  Specifically,  the  geographic  metric  takes  into  account  the  curvature 
of  the  earth  using  great  circles  while  the  Euclidean  distance  metric  is  exclusively  a 
straight-line  measure.  (Eberlan,  2004)  Therefore,  this  selection  provides  a  compromise 
between  Euclidean  and  rectilinear  distance  selection.  Once  the  coordinates  are  obtained, 
distance  matrices  between  all  LFs,  MAFs,  and  staging  areas  are  developed.  Using  actual 
route  distances  would  improve  the  accuracy  of  this  research  but  these  are  not  used  due  to 
unavailability  and  to  minimize  the  complexity  of  the  problem. 


Calculation  of  Geographic  Distances 

The  following  excerpt  is  from  Eberlan  (2004)  and  explains  how  geographic 
distances  are  calculated  in  the  research: 


The  calculation  of  geographic  distances  between  candidate  staging 
areas  and  LFs  of  interest  are  done  by  using  the  Haversine  method.  The 
Haversine  method  allows  the  calculation  of  distances  between  two 
locations  on  the  earth’s  surface.  This  method  compensates  for  the 
curvature  of  the  earth  through  the  use  of  great  circles.  The  equations  for 
calculating  distance  using  the  Haversine  Method  as  described  by  Bell  and 
McMullen  (2003)  are: 

Disty  =  r*(2  tan-1  (-Jb^l-b)) 
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where 


staging  area  j 
nautical  miles 


Distij  =  Distance  between  LF  of  interest  i  and  candidate 
r  =  Radius  of  the  earth,  equal  to  approximately  3437.67 


(p  =  Latitude  of  a  candidate  alert  site  or  area  of  interest 
y  =  Longitude  of  a  candidate  alert  site  or  area  of  interest 
“The  radius  of  the  earth  is  entered  in  nautical  miles.  Distance 
calculations  were  accomplished  for  each  possible  candidate  staging  area 
and  LF  of  interest  combination  through  the  use  of  a  C++  code  developed 
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by  Bell  and  McMullen  (2003).”  In  order  to  use  the  code,  the  degree- 
minute-second  latitude  and  longitude  coordinates  for  each  candidate 
staging  area  and  each  LF  of  interest  had  to  be  converted  to  decimal  form 
and  entered.  This  conversion  was  accomplished  by  using  the  following 
widely  known  formula: 

DD  =  d  +  —  +  — — — 

60  3600 

(22) 

where 

DD  =  Decimal  degrees 
d  =  Degrees 
m  =  Minutes 

5  =  Seconds.  (Eberlan,  2004) 

This  code  returns  distances  in  meters,  therefore,  the  values  are  divided  by  1609.334  to 
return  mileage  calculations. 


Modeling  Approach 

These  factors  (distance  and  number  of  Fire  Teams  available)  form  the  basis  for 
the  decision  variables  within  the  models.  The  models  were  developed  with  the  intent  of 
obtaining  optimal,  or  near  optimal,  response  times  based  on  the  type  of  location  model 
utilized.  There  is  no  guarantee  that  the  solution  obtained  is  the  only  optimal  solution  or 
even  an  optimal  solution,  in  the  case  of  the  p-median  solution.  Due  to  the  structure  of  the 
problems,  multiple  optimal  solutions  may  exist  but  improvement  upon  the  objective 
function  will  not  occur,  except  possibly  for  the  p-median  solution  which  uses  a  heuristic. 
Many  alternatives  are  possible  for  the  MCLP  problem  since  the  model  stops  when  it  has 
found  a  solution  that  covers  all  penetrated  LFs  within  the  given  distance  limitation.  This 
means  that  the  minimum  response  time  is  not  an  objective  of  this  type  of  model. 

The  first  step  in  the  modeling  process  is  to  develop  a  distance  matrix  for  candidate 
staging  areas  and  possible  penetrated  LFs.  This  is  perfonned  by  computing  great  circle 
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distances  between  each  LF  and  potential  staging  area.  Great  circle  distance  calculations 
are  incorporated  in  the  model  by  utilizing  an  Excel®  macro  developed  by  Eberlan  and 
Weir.  (Eberlan,  2004)  This  distance  was  originally  calculated  in  meters,  so  it  is  adjusted 
by  dividing  the  returned  value  by  1609.334  to  arrive  at  a  mileage  calculation.  Although  it 
is  a  great  circle/straight  line  distance,  it  can  be  assumed  a  reasonable  estimate  of  actual 
distances.  The  use  of  rectilinear  distance  could  be  more  representative,  but  may  also 
produce  an  error  rate  as  high  as  forty-one  percent.  (Haithcoat,  undated)  As  discussed 
previously,  routing  factors  or  actual  network  road  distances  could  also  improve  the 
accuracy,  but  they  were  not  used  in  this  research  in  order  to  limit  the  complexity  of  the 
models.  The  final  distance  calculations  are  converted  to  a  response  time  in  minutes  by 
multiplying  the  distance  by  a  factor  of  60/40,  to  represent  forty  miles  per  hour  average 
driving  speeds. 

In  order  to  allow  decision  makers  to  balance  possible  trade-offs  between 
completing  maintenance  objectives  and  minimizing  response  times,  four  different  types 
of  models  were  developed  and  used  in  this  study.  These  models  make  use  of  three 
different  location  methodologies:  the  Maximal  Covering  Location  Problem  (MCLP) 
methodology,  the  p-median  problem  methodology,  and  the  p-center  problem 
methodology.  In  addition,  each  model  allows  the  user  to  specify  a  solution  that  evaluates 
all  staging  areas  or  one  that  utilizes  only  MAFs  as  staging  areas.  This  produces  eight 
distinct  models.  A  MAF  location  may  be  preferable  to  management  at  certain  times 
because  of  the  support  facilities  available.  Finally,  the  user  is  given  the  option  of 
comparing  all  of  the  aforementioned  solutions  based  on  average  response  time,  average 
total  distance,  maximum  distance  any  Fire  Team  is  located  from  a  penetrated  LF,  number 
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of  Fire  Teams  used,  and  number  of  scheduled  LFs  not  covered.  The  general 
characteristics  and  attributes  of  each  methodology  are  described  in  Chapter  II. 

In  developing  the  models,  scaled-down  versions  of  the  models  were  first 
developed  utilizing  the  data  from  sites  A- 1  through  E- 1 1  and  all  arbitrarily  selected 
staging  areas.  This  was  done  to  ensure  the  models  operate  properly  without  obtaining  an 
enhanced  version  of  Solver™,  which  allows  for  more  variables.  The  MCLP  model  was 
developed  first  and  the  other  models  were  derived  from  it.  All  models  incorporate  Visual 
Basic®  programming  for  ease  of  use.  This  allows  the  user  to  simply  press  a  button  to 
find  the  solution  for  Fire  Team  placement.  Random  sites  were  then  input  into  these 
models  as  scheduled  sites  to  verity  that  all  Excel®  calculations  perfonned  properly.  The 
Solver™  add-in  to  Excel®  is  used  to  arrive  at  optimal  or  near  optimal  solutions  for  the 
placement  of  Fire  Teams. 

Next,  full  versions  of  the  models  were  developed  utilizing  the  data  from  all 
Minuteman  LFs,  MAFs,  and  the  arbitrarily  selected  staging  areas.  Again,  random  sites 
were  input  into  these  models  as  scheduled  sites  to  verify  that  all  Excel®  calculations 
perform  properly.  The  Solver™  add-in  to  Excel®  is  again  used  to  obtain  the  best 
solutions  for  placement  of  Fire  Teams.  It  is  at  this  point  that  it  becomes  obvious  the  p- 
median  problem  is  too  large  to  solve  to  optimality  with  only  Solver™.  Theorizing  that 
the  models  may  actually  be  employed  in  the  field,  and  wanting  to  avoid  burdening  units 
with  additional  costs  to  procure  enhanced  Solver™  versions,  the  decision  was  made  to 
employ  a  heuristic  to  help  solve  the  p-median  problem.  The  heuristic  GRASP  is  used  in 
this  research  to  arrive  at  an  acceptable  solution.  The  limitations  of  heuristics  are 
explained  in  Chapter  II.  It  was  also  apparent  that,  since  each  location  methodology  seeks 
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to  optimize  only  one  objective,  combining  two  methodologies  may  prove  useful.  The  p- 
center  and  p-median  were  chosen  for  a  hybrid  model  to  gain  the  optimal  maximum 
distance  between  a  Fire  Team  and  a  penetrated  site  first,  and  then  attempt  to  improve  the 
total  distance  while  still  maintaining  that  maximum  distance. 

In  each  model,  the  average  response  times  are  obtained  by  inputting  the  actual 
(subjectively  detennined  by  reviewing  the  Daily  Status  Sheets)  penetrated  LFs  from  the 
selected  days  during  the  period  January  through  May  of  2004  at  F.  E.  Warren  AFB  into 
each  model.  A  daily  response  time  average  is  computed  for  each  of  these  days.  After 
aggregating  the  averages  for  each  model,  an  overall  average  is  obtained  for  each  model. 
The  same  procedure  is  performed  for  the  two  distance  calculations,  number  of  Fire 
Teams  used,  and  LFs  that  cannot  be  covered.  A  daily  total  is  obtained  and  then 
aggregated  over  the  inclusion  period.  Uncovered  LFs  can  only  occur  in  the  Maximal 
Covering  Location  Problem  model  since  the  other  models  require  all  penetrated  LFs  to  be 
covered.  The  number  of  Fire  Teams  available  is  input  into  the  models  as  previously 
stipulated.  The  results  display  the  number  of  Fire  Teams  available  for  the  given  day  and 
the  number  actually  used  in  the  solution.  This  is  useful  information  because  all  available 
Fire  Teams  may  not  be  required  to  meet  the  objectives  of  the  models,  in  certain  instances. 
This  is  especially  true  when  using  a  MCLP  solution  since  the  distance  constraint  is  its 
main  driver  and  this  methodology  seeks  to  use  the  minimum  number  of  Fire  Teams 
within  that  distance  constraint.  In  order  to  show  the  relevant  decision  making  factors,  the 
option  to  compare  all  solutions  is  selected  within  the  models.  This  outputs  the  average 
response  time,  the  average  total  distance,  the  maximum  distance  any  Fire  Team  is  located 
from  a  penetrated  LF,  the  number  of  Fire  Teams  used,  and  number  of  scheduled  LFs  not 
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covered  for  each  type  of  model,  including  all  staging  areas  and  MAF  only  staging  areas 
solutions. 

Because  the  normal  propensity  is  to  try  to  position  Fire  Teams  at  MAFs  for 
convenience,  comfort,  and  simplicity  reasons,  models  for  MAF  only  solutions  are  also 
developed  for  the  four  location  problems  used  in  this  research.  The  same  procedures  for 
obtaining  average  response  times,  distances,  Fire  Team  utilization,  and  tabulating  LFs 
that  cannot  be  covered  are  incorporated.  These  models  are  then  compared  to  their 
corresponding  type  of  location  problem  models  incorporating  all  potential  staging  areas 
to  ascertain  the  degradation,  if  any,  realized  considering  factors  other  than  response 
times.  Additionally,  this  can  form  the  basis  to  compare  the  methods  utilized  in  this 
research  with  the  “umbrella  concept”  which  is  to,  presumably,  be  employed  by  all  the 
missile  wings.  The  performance  of  these  models  forms  the  basis  for  the 
recommendations  and  conclusions  in  Chapter  V. 

Mathematical  Formulation  of  the  Maximum  Covering  Location  Problem 

The  purpose  of  the  maximum  covering  problem  is  to  maximize  the  number  of 
covered  demands  (scheduled  penetrated  LFs)  with  a  given  number  of  facilities  (Fire 
Teams)  to  be  located.  An  additional  constraint  is  added  to  prevent  the  maximum 
response  time  from  exceeding  30  minutes,  for  purposes  of  this  research.  This  is  done  by 
placing  a  distance  constraint  of  twenty  miles,  which  translates  to  a  thirty-minute  response 
time,  assuming  forty  miles  per  hour  driving  speeds.  The  developed  models  allow  the  user 
to  adjust  this  time  by  inputting  a  maximum  acceptable  distance.  The  problem  is  then  to 
cover  the  maximum  amount  of  scheduled  penetrated  LFs  while  not  exceeding  the  number 
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of  Fire  Teams  available  or  the  specified  response  time.  Church  and  ReVelle  (1974) 
originally  formulated  this  model,  but  the  method  used  in  this  research  is  from  Daskin 
(1995).  The  fonnulation  presented  by  Daskin  includes  a  multiplicative  weighting  factor 
for  the  amount  of  demand  at  each  demand  node.  All  demand  is  assumed  to  be  equal  in 
this  model,  therefore,  no  weighting  factor  is  used.  The  distance  metric  used  and 
computation  of  the  critical  distance  was  previously  discussed  in  this  chapter.  The 
problem  is  structured  as  an  integer  programming  problem.  All  facility  costs  are  assumed 
to  be  identical  in  this  formulation  and  are  not  included  in  the  objective  function.  The 
notation  used  is  stated  as: 

Z,  =  number  of  covered  penetrated  LFs 
P  =  Number  of  Fire  Teams  available 
i  =  the  index  of  scheduled  penetrated  LFs  or  nodes; 
j  =  the  index  of  candidate  staging  areas  or  nodes; 

a(/-  =  0,  1 .  This  is  a  binary  coefficient  which  takes  a  value  of  1  if  a  Fire  Team  at 
candidate  staging  area  j  can  cover  the  demand  at  penetrated  LF  i,  0  if  it  cannot; 
djj  =  the  distance  between  points  or  nodes  i  and  j; 

0,  1.  It  is  1  if  a  Fire  Team  is  located  at  candidate  staging  area  j,  and  0 
otherwise. 

The  maximum  covering  fonnulation  used  in  this  research  is  as  follows: 

MAXIMIZE  YjZi  (1) 

j 

SUBJECT  TO:  Z-JVx<0  Vi  (2) 
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(3) 


j 

X7e{0,1}  V/ 
Z,s{  0,1}  Vi 


1  if  d  <20 

,  where  cL  is  distance  in  miles  from  i  to  j 

0  otherwise 


The  objective  function  (1)  maximizes  the  number  of  covered  demands  (scheduled 
penetrated  LFs).  Constraint  (2)  states  that  penetrated  LF,  i,  cannot  be  covered  unless  at 
least  one  of  the  candidate  staging  areas,  j,  that  cover  LF  i  is  selected  and  a  Fire  Team 
placed  there.  Constraint  (3)  states  that  no  more  than  P  Fire  Teams  can  be  located. 
Constraints  (4)  and  (5)  are  the  integrality  constraints  on  the  decision  variables. 

Constraint  (6)  limits  the  maximum  distance  a  Fire  Team  can  be  located  from  a  LF  to  be 
covered  to  20  miles 

Now  that  the  mathematical  formulation  for  the  maximum  covering  location 
problem  is  detennined,  the  p-median  problem  utilized  in  this  research  is  formulated  with 
the  goal  of  minimizing  response  times  to  an  acceptable  level  while  covering  all 
penetrated  LFs. 


Mathematical  Formulation  of  the  p-Median  Problem 

The  formulation  of  Daskin  (1995)  with  four  minor  adjustments  is  utilized  in  this 
research.  The  first  adjustment  removes  the  demand  weight  multiplier  from  the  objective 
function,  because  the  demand  in  this  model  is  assumed  equal.  The  second  adjustment 
allows  for  more  than  one  Fire  Team  to  be  capable  of  covering  a  particular  LF  of  interest. 
The  third  adjustment  allows  fewer  than  the  available  number  of  Fire  Teams  to  be  utilized. 
This  is  necessary  when  the  number  of  available  Fire  Teams  exceeds  the  number  of 
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scheduled  sites  or  when  deploying  additional  Fire  Teams  will  not  improve  upon  the 
objective  function.  The  final  adjustment  allows  each  penetrated  LF  to  be  assigned  to 
more  than  one  Fire  Team.  This  is  feasible  because,  theoretically,  Fire  Teams  may  be 
placed  in  close  enough  proximity  to  one  another  to  allow  for  an  overlap  of  coverage. 
That  is,  one  Fire  Team  could  respond  to  a  LF  within  another  Fire  Team’s  assigned 
coverage  area  should  that  team  be  responding  at  another  LF.  The  fonnulation  is  as 
follows: 


MINIMIZE 

'  j 

(V) 

SUBJECT  TO: 

il 

w- 

Vi 

(8) 

I-M-p 

j 

(9) 

rt-XjZ0 

Vi, 7 

(10) 

-V  e  {o.i} 

v / 

(ID 

Vfw) 

Vi,  j 

(12) 

where 

Xj=  1  if  we  locate  a  Fire  Team  at  candidate  staging  area  j,  0  otherwise 
Yjj  =  1  if  penetrated  LF  i  is  served  by  candidate  staging  area  j,  0  otherwise 
djj  =  the  distance  between  points  or  nodes  i  and  j 
P  =  number  of  Fire  Teams  to  be  located. 

The  objective  function  (7)  minimizes  aggregate  travel  distance,  thus  minimizing  response 
times,  between  all  penetrated  LFs  and  selected  staging  areas  where  Fire  Teams  are 
placed.  Constraint  (8)  requires  that  at  least  one  Fire  Team  cover  each  penetrated  LF. 
Constraint  (9)  states  that  no  more  than  P  Fire  Teams  are  to  be  located.  Constraint  (10) 
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links  the  location  variables  (Xj)  and  the  allocation  variables  (T;/).  Constraints  (11)  and 
(12)  are  integrality  constraints. 

The  GRASP  heuristic  is  used  to  generate  solutions  for  the  p-median  problem. 

The  heuristic  begins  by  checking  all  possible  combinations  of  scheduled  LFs  as  potential 
staging  areas  and  also  searches  the  areas  around  those  points.  The  best  solution  found, 
which  has  the  minimum  total  distance,  is  kept.  The  randomized  portion  of  the  heuristic  is 
then  perfonned,  evaluating  the  neighborhoods  around  100  randomly  chosen  points  and 
comparing  the  solutions  to  the  best  original  solution.  If  a  better  solution  is  found,  it  is 
kept  as  the  very  best  solution.  The  solution  identifies  the  locations  of  the  staging  areas, 
the  allocations  of  penetrated  LFs  to  the  staging  areas,  and  the  overall  response 
distance/time.  This  model  assumes  that  all  Fire  Teams  are  available.  Next,  the 
mathematical  formulation  of  the  p-center  problem  is  developed  so  that  the  worst-case 
scenario  can  be  determined. 

Mathematical  Formulation  of  the  p-Center  Problem 

The  objective  of  the  p-center  model  is  to  minimize  the  maximum  response  time  or 
distance  between  a  Fire  Team  placed  at  a  staging  area  and  a  penetrated  LF.  As  discussed 
in  Chapter  II,  there  are  two  different  formulations  of  the  p-center  problem:  the  vertex  p- 
center  problem  and  the  absolute  p-center  problem.  The  vertex  p-center  fonnulation  will 
be  used  in  this  model  because  staging  areas  can  only  be  located  on  the  candidate  staging 
area  nodes  and  not  on  the  arcs  (anywhere  along  the  routes),  as  in  the  absolute  p-center 
problem.  The  formulation  used  in  this  research  is  from  Daskin  (1995)  with  minor 
adjustments.  As  in  the  previous  modeling  techniques  used  in  this  chapter,  this  modeling 
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formulation  again  removes  the  demand- weighted  multiplier.  The  same  adjustments 
pertaining  to  Fire  Teams  made  in  the  p-median  formulation  are  included  in  this  model. 
The  formulation  is  as  follows: 


MINIMIZE 

W 

(13) 

SUBJECT  TO: 

j 

Vi 

(14) 

Z 

j 

(15) 

Yf-Xj^0 

V/,./' 

(16) 

Z 

i 

Vi 

(17) 

m 

o 

Vj 

(18) 

Y,j  *  {0,1} 

V/,7 

(19) 

where 


W  =  maximum  distance  between  a  penetrated  LF  and  its  assigned  Fire  Team 
Y ij  =  1  if  penetrated  LF  i  is  assigned  to  candidate  staging  area  j,  0  otherwise 
Xj  =  1  if  we  locate  a  Fire  Team  at  candidate  staging  area  j,  0  otherwise 
P  =  number  of  Fire  Teams  to  locate 
dij  =  the  distance  between  points  or  nodes  i  and  j 
The  objective  function  (13)  minimizes  the  maximum  distance  that  any  penetrated  LF  is 
from  a  deployed  Fire  Team.  Constraint  (14)  requires  that  each  penetrated  LF  be  assigned 
to  at  least  one  Fire  Team.  Constraint  (15)  stipulates  that  no  more  than  P  Fire  Teams  are 
to  be  located.  Constraint  (16)  states  that  a  penetrated  LF,  i,  cannot  be  assigned  to  a 
candidate  staging  area  ,j,  unless  a  Fire  Team  is  located  at  staging  area  j.  Constraint  (17) 
states  that  the  maximum  distance  between  a  penetrated  LF  and  a  Fire  Team  must  be 
greater  than  or  equal  to  the  distance  between  any  penetrated  LF,  i,  and  the  Fire  Team  at 
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staging  area,  j,  to  which  it  is  assigned.  Constraints  (18)  and  (19)  are  the  integrality  and 
non-negativity  constraints,  respectively. 

This  model  is  solved  to  optimality  by  using  the  Bisection  method  to  achieve  the 
lowest  maximum  distance  any  Fire  Team  is  located  from  a  penetrated  LF.  Because  the 
maximum  distance  between  any  two  points  in  the  distance  matrix  is  93.29  miles,  the 
method  begins  with  a  maximum  value  of  forty-seven  and  a  minimum  value  of  zero.  The 
maximum  and  minimum  values  are  bisected  until  the  lowest  distance  that  covers  all 
scheduled  penetrated  LFs,  within  one-tenth  of  a  mile,  is  found.  The  Bisection  method 
can  be  slow  to  converge  to  the  optimal  solution,  but  is  guaranteed  to  obtain  the  optimal 
solution  within  the  specified  accuracy.  (Faires  &  Burden,  1993)  Once  all  assumptions 
are  made  and  incorporated  into  the  models,  distance  metric  selection  and  distance 
calculations  are  accomplished  so  that  the  spreadsheet  models  can  be  constructed  and 
solved. 

Hybrid  Formulation 

The  hybrid  model  utilizes  the  p-center  and  p-median  fonnulations  previously 
described.  No  adjustments  are  required.  This  is  the  only  model  formulation  that  seeks  to 
improve  multiple  objectives,  but  only  the  objective  of  minimizing  the  maximum  distance 
between  a  penetrated  LF  and  its  assigned  Fire  Team  can  be  solved  to  optimality.  Again, 
the  Bisection  method  is  used  to  solve  the  p-center  portion  and  then,  sequentially  after  the 
p-center  solution,  the  GRASP  heuristic  is  employed  to  minimize  the  total  distance  within 
the  p-center  solution  maximum  distance  constraint. 
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Summary 

This  chapter  discussed  the  methods  employed  to  calculate  distance  measurements 
in  the  utilized  models.  The  mathematical  formulation  of  each  model  was  presented  and 
the  nature  of  the  basis  for  model  comparison  was  discussed.  Chapter  IV  will  present  the 
results  of  the  model  comparisons,  total  Fire  Team  usage  percentage,  total  average 
response  times,  average  total  distance,  and  average  maximum  distance  any  Fire  Team  is 
located  from  a  penetrated  LF.  The  number  of  cancelled  scheduled  LFs  that  exceeded  the 
distance  constraint  for  the  maximal  covering  location  problem  model  will  also  be 
presented. 
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IV.  Analysis 


Introduction 

This  chapter  addresses  the  results  obtained  when  inputting  the  available  data  on 
actual  penetrated  LFs  at  F.  E.  Warren  AFB  from  January  through  May  of  2004.  Overall 
averages  for  the  entire  data  set  are  aggregated  and  analyzed.  This  analysis  is  performed 
on  the  number  of  Fire  Teams  available  versus  the  number  used  and  the  percentage  used, 
average  response  times,  average  total  distance,  and  the  average  maximum  distance  any 
Fire  Team  is  positioned  from  a  penetrated  LF.  The  maximal  covering  location  problem 
(MCLP)  model  results  also  include  the  number  of  LFs,  if  any,  that  cannot  be  covered 
within  the  response  time  constraint.  The  analysis  is  performed  within  and  across  all  four 
model  types,  MCLP,  p-median,  p-center,  and  hybrid,  and  comparison  is  also  performed 
between  solutions  for  all  staging  areas  and  MAF  only  staging  areas.  Sensitivity  analysis 
is  performed  by  changing  input  parameters  for  the  number  of  available  Fire  Teams  and 
the  response  time  constraint.  Daily  calculations  for  these  parameters  are  attached  as 
Appendix  B  through  Appendix  S. 

Analysis  Preparation 

Initial  analysis  was  conducted  utilizing  the  scaled  down  version  of  the  models 
with  randomly  selected  LFs  as  inputs  for  scheduled  sites.  This  often  produced  short 
response  times  since  the  sites  incorporated  are  fairly  close,  geographically,  and  all 
arbitrarily  selected  staging  areas  were  included.  Analysis  was  then  conducted  with  the 
full-scale  version  of  the  models.  The  randomly  selected  sites  were  augmented  by 
arbitrarily  selecting  widely  dispersed  sites  to  ascertain  how  each  model  performs  when 
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maintenance  may  be  occurring  throughout  the  missile  complex.  Finally,  the  actual 
penetrated  sites  data  obtained  from  F.E.  Warren  AFB  was  input  to  allow  comparison  of 
average  response  times,  percentage  of  total  Fire  Teams  used,  average  total  distance, 
average  maximum  distance  of  any  Fire  Team  to  a  penetrated  LF,  and  view  any  LFs  that 
cannot  be  covered  utilizing  the  maximum  covering  location  problem  model. 

Initial  Observations 

Initial  review  of  the  results  shows  that  twelve  of  the  days  input  produce  a 
response  time  of  zero  in  the  p-median,  p-center,  and  hybrid  models  for  the  all  staging 
areas  solution  of  the  original  data  set.  This  is  due  to  the  fact  that  these  particular  days 
incorporate  a  number  of  scheduled  penetrated  LFs  that  is  less  than  or  equal  to  the  number 
of  Fire  Teams  available.  The  obvious  optimal  solution,  therefore,  is  to  position  the  Fire 
Teams  at  the  scheduled  penetrated  LFs,  producing  zero  response  times.  The  MCLP 
model,  because  of  its  formulation,  does  not  achieve  the  same  results.  This  model  uses  a 
different  positioning  scheme  that  produces  positive  response  times.  In  order  to  avoid  any 
potential  bias  of  the  results,  analysis  is  performed  on  the  full  data  set  and  then  on  a 
reduced  data  set  created  by  removing  the  zero  response  time  days  from  all  models.  The 
reduced  data  set  comparisons  have  twelve  fewer  data  points  for  the  all  staging  areas 
solution  versus  the  MAF  only  staging  areas  solution  because  no  zero  response  times 
occur,  or  are  possible,  in  the  MAF  only  staging  area  solutions.  Therefore,  all  parameters 
in  the  MAF  only  staging  areas  solution  remain  the  same  in  the  reduced  data  set  as  they 
were  in  the  original  data  set.  The  full  data  set,  containing  the  zero  response  time  days,  is 
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still  useful  for  comparison  within  each  model.  This  data  set  has  the  potential  to  better 
display  the  trade-offs  required  to  achieve  a  MAF  only  staging  areas  solution. 

Analysis  Method 

This  analysis  first  compares  the  results  obtained  within  each  model  type  to 
delineate  any  differences  between  all  staging  areas  solutions  and  MAF  only  staging  areas 
solutions.  Minimum  and  maximum  values  are  shown  for  the  within  model  comparisons, 
but  the  basis  for  comparing  all  staging  areas  solutions  and  MAF  only  staging  areas 
solutions,  as  well  as  comparing  each  model  to  the  other,  is  parameter  averages  over  the 
entire  data  set.  These  maximum  and  minimum  values  are  highly  dependent  upon  the 
ratio  of  available  Fire  Teams  to  the  number  of  scheduled  penetrated  LFs  and  the 
dispersion  of  those  LFs.  These  dependencies  render  any  statistical  analysis  useless  for 
practical  purposes.  Percentage  differences  identified  are  based  on  the  difference  from  the 
all  staging  areas  solution  to  the  MAF  only  staging  areas  solution.  Differences  in  the 
number  of  scheduled  penetrated  sites  not  covered  by  the  MCLP  model  solution  types  are 
reported  as  numerical  differences. 

Comparison  of  each  model  type  to  the  other  is  then  performed,  first  with  the  all 
staging  areas  solutions,  then  the  MAF  only  staging  areas  solutions.  Percentage 
differences  identified  are  the  deviation  from  the  result  that  better  fulfills  the  objective  in 
the  comparison.  Results  from  the  full  data  set  are  first  presented,  followed  by  the  results 
obtained  for  the  reduced  data  set  with  the  zero  response  time  days  removed.  The 
aggregate  number  of  available  Fire  Teams  for  all  models  in  the  original  full  data  set  is 
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232  and  179  Fire  Teams  are  available  for  the  all  staging  areas  solution  in  all  models  of 
the  original  reduced  data  set. 

MCLP  Model,  Original  Full  Data  Set 

The  all  staging  areas  solution  shows  that  66.38%  of  the  available  Fire  Teams,  154 
of  232,  are  used.  The  MAF  only  staging  areas  solution  requires  77.59%  of  the  available 
Fire  Teams,  1 1.21%  more  than  is  required  for  the  all  staging  areas  solution.  All 
scheduled  penetrated  LFs  are  covered  in  the  all  staging  areas  solution,  but  the  MAF  only 
staging  areas  solution  leaves  three  scheduled  penetrated  LFs  uncovered,  a  difference  of 
three.  The  all  staging  areas  solution  produces  an  average  response  time  of  20.73  minutes, 
a  maximum  average  of  26.14  minutes,  and  a  minimum  average  of  14.57  minutes.  The 
MAF  only  staging  areas  solution  has  a  maximum  average  response  time  of  21.18 
minutes,  a  minimum  average  of  10.78  minutes,  and  an  overall  average  response  time  of 
16.37  minutes.  The  MAF  only  staging  areas  solution,  therefore,  represents  a  21.03% 
improvement  over  the  all  staging  areas  solution  in  average  response  time. 

The  average  total  distance  for  covering  all  scheduled  penetrated  LFs  in  the  all 
staging  areas  solution  is  96.88  miles,  with  a  maximum  total  distance  of  202.91  miles  and 
a  minimum  total  distance  of  29.92  miles.  The  MAF  only  staging  areas  solution  of  78.30 
miles  shows  a  19.18%  improvement  over  the  all  staging  areas  solution.  The  maximum 
value  is  178.15  miles  and  the  minimum  is  15.79  miles.  The  average  maximum  distance 
that  any  Fire  Team  is  located  from  a  penetrated  LF  is  18.54  miles  in  the  all  staging  areas 
solution  and  16.81  miles  in  the  MAF  only  staging  areas  solution,  a  9.33%  improvement 
over  the  all  staging  areas  solution.  The  all  staging  areas  solution  has  a  maximum  value  of 
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19.96  miles  and  a  minimum  of  15.92  miles,  while  the  MAF  only  staging  areas  solution 
produces  a  maximum  value  of  19.91  miles  and  a  minimum  of  8.07  miles. 

p-median  Model,  Original  Full  Data  Set 

This  model  uses  97.84%  of  the  available  Fire  Teams  in  both  the  all  staging  areas 
and  MAF  only  staging  areas  solutions.  The  average  response  times  are  4.92  minutes  for 
the  all  staging  areas  solution  and  more  than  double  that  for  the  MAF  only  staging  areas 
solution,  which  produces  an  average  response  time  of  12.38  minutes.  The  MAF  only 
staging  areas  solution  represents  a  151.63%  increase  from  the  objective  function  versus 
the  all  staging  areas  solution.  Maximum  values  are  13.80  minutes  in  the  all  staging  areas 
solution  and  16.28  minutes  in  the  MAF  only  staging  areas  solution.  The  all  staging  areas 
solution  has  a  minimum  value  of  zero  minutes,  while  the  MAF  only  staging  areas 
minimum  time  is  9.43  minutes. 

A  similar  percentage  difference,  107.87%,  arises  when  comparing  the  average 
total  distance  between  the  two  solution  types.  The  all  staging  areas  solution  produces  an 
average  total  distance  of  28.83  miles,  with  a  maximum  total  distance  of  126.96  miles  and 
a  minimum  total  distance  of  zero.  The  MAF  only  staging  areas  solution  results  in  an 
average  distance  of  59.93  miles,  a  maximum  distance  of  151.93  miles,  and  a  minimum 
distance  of  15.79  miles.  The  difference  in  the  average  maximum  distance  any  Fire  Team 
is  located  from  a  penetrated  LF  is  less  dramatic  with  10.95  miles  for  the  all  staging  areas 
solution  and  12.98  miles  in  the  MAF  only  solution,  which  is  an  18.54%  increase 
compared  to  the  all  staging  areas  solution.  The  all  staging  areas  solution  has  values  of 
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28.66  miles  for  the  maximum  distance  and  zero  for  the  minimum  distance.  The  MAF 


only  staging  areas  maximum  is  25.34  miles  and  the  minimum  is  8.07  miles. 

p-center  Model,  Original  Full  Data  Set 

The  p-center  model  solution  uses  97.84%  of  the  available  Fire  Teams  in  the  all 
staging  areas  solution  and  90.52%  in  the  MAF  only  staging  areas  solution,  an 
improvement  of  7.32%.  The  average  response  time  for  the  all  staging  areas  solution  is 
7.73  minutes  and  13.44  minutes  for  the  MAF  only  staging  areas  solution.  Therefore,  the 
MAF  only  staging  areas  solution  average  response  time  is  73.87%  longer  than  the  all 
staging  areas  solution.  The  maximum  values  are  19.65  minutes  in  the  all  staging  areas 
solution  and  24.73  minutes  in  the  MAF  only  staging  areas  solution.  The  all  staging  areas 
solution  has  a  minimum  time  of  zero  and  the  MAF  only  staging  areas  minimum  average 
response  time  is  9.43  minutes. 

The  all  staging  areas  solution  provides  an  average  total  distance  of  43.94  miles 
and  the  MAF  only  staging  areas  solution  reports  a  distance  of  66.55  miles,  a  51.46% 
increase.  The  all  staging  areas  solution  has  a  maximum  of  157.87  miles  and  a  minimum 
of  zero.  The  MAF  only  staging  areas  distances  are  214.31  as  a  maximum  and  15.79  as 
the  minimum.  The  average  maximum  distance  that  any  Fire  Team  is  located  from  a 
penetrated  LF  is  7 1 .64%  higher  in  the  MAF  only  staging  areas  solution  than  in  the  all 
staging  areas  solution,  with  12.53  miles  versus  7.30  miles.  The  maximum  distance  is 
18.15  miles  in  the  all  staging  areas  solution,  with  a  minimum  of  zero.  The  MAF  only 
staging  areas  solution  shows  a  maximum  distance  of  22.88  miles  and  a  minimum  of  8.07 
miles. 
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Hybrid  Model,  Original  Full  Data  Set 

The  hybrid  model,  as  it  should,  reports  the  same  average  maximum  distance  any 
Fire  Team  is  located  from  a  penetrated  LF  and  same  percentage  difference  as  the  p-center 
model.  The  maximum  and  minimum  values  for  this  parameter  in  both  solution  types  also 
remain  the  same  as  the  p-center  solution.  Fire  Team  usage  is  at  97.84%  in  both  the  all 
staging  areas  solution  and  the  MAF  only  staging  areas  solution.  The  average  response 
time  in  the  all  staging  areas  solution  is  5.76  minutes,  with  a  maximum  average  of  15.84 
minutes  and  a  minimum  average  of  zero.  The  MAF  only  staging  areas  solution  has  an 
average  response  time  of  12.71  minutes,  with  maximum  and  minimum  values  of  20.66 
and  9.43  minutes.  The  MAF  only  solution  has  an  average  response  time  120.66%  greater 
than  the  all  staging  areas  solution. 

The  all  staging  areas  solution  provides  an  average  total  distance  of  33.75  miles, 
with  a  maximum  value  of  147.88  miles  and  a  minimum  of  zero.  The  MAF  only  staging 
areas  distance  is  84.62%  greater  at  62.3 1  miles.  The  maximum  value  in  this  solution  is 
179.04  miles  and  the  minimum  is  15.79  miles.  A  comparison  of  the  two  types  of 
solutions,  all  staging  areas  and  MAF  only  staging  areas,  for  each  of  the  four  model  types 
in  shown  in  Table  1  below. 
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Table  1.  Original  Full  Data  Set 


All  Staqinq  Areas  | 

j*  asms 

Total  Distance 

MaxDistance 

Uncovered 

MCLP 

66.38% 

20.73  mins. 

96.88  miles 

18.54  miles 

None 

p-median 

97.84% 

4.92  mins. 

28.83  miles 

10.95  miles 

None 

p-center 

97.84% 

7.73  mins. 

43.94  miles 

7.30  miles 

None 

Hybrid 

97.84% 

5.76  mins. 

33.75  miles 

7.30  miles 

None 

MAF  Only  Staqinq  Areas  | 

MCLP 

77.59% 

16.37  mins. 

78.30  miles 

16.81  miles 

3 

p-median 

97.84% 

12.38  mins. 

59.93  miles 

12.98  miles 

None 

p-center 

90.52% 

13.44  mins. 

66.55  miles 

12.53  miles 

None 

Hybrid 

97.84% 

12.71  mins. 

62.31  miles 

12.53  miles 

None 

Percentaqe  Chanqe  of  MAF  Only  Solution  | 

MCLP 

11.21% 

-21 .03% 

-19.18% 

-9.33% 

3 

p-median 

— 

151.63% 

107.87% 

18.54% 

N/A 

p-center 

-7.32% 

73.87% 

51 .46% 

71 .64% 

N/A 

Hybrid 

- 

120.66% 

84.62% 

71 .64% 

N/A 

Four  Model  Comparison,  Original  Full  Data  Set 

The  comparison  of  the  four  types  of  models  is  based  on  percentage  of  available 
Fire  Teams  used,  average  response  time,  average  total  distance,  average  maximum 
distance  any  Fire  Team  is  located  from  a  penetrated  LF,  and  number  of  scheduled 
penetrated  LFs  uncovered.  The  MCLP  model  produces  the  lowest  percentage  usage  of 
available  Fire  Teams  in  the  all  staging  areas  solution  with  66.38%  usage,  compared  to 
97.84%  for  the  p-median,  p-center,  and  hybrid  models,  an  improvement  of  31.46%  over 
all  three  models.  The  MCLP  model  also  performs  better  in  this  comparison  in  the  MAF 
only  staging  areas  solution,  utilizing  77.59%  of  the  available  Fire  Teams  versus  97.84% 
in  the  p-median  and  hybrid  model  solutions  and  90.52%  in  the  p-center  model  solution. 
The  MCLP  utilizes  20.25%  fewer  Fire  Teams  than  the  p-median  and  hybrid  models  and 
12.93%  fewer  than  the  p-center  model.  The  p-center  solution  then  utilizes  7.32%  fewer 
Fire  Teams  than  the  p-median  and  hybrid  solutions.  The  all  staging  areas  solution  for  the 
MCLP  model  has  no  uncovered  LFs  but  three  are  uncovered  in  the  MAF  only  staging 
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areas  solution.  Because  the  p-median,  p-center,  and  hybrid  models  are  formulated  to 
cover  all  scheduled  penetrated  LFs,  the  MAF  only  staging  areas  solution  of  the  MCLP 
model  represents  an  increase  of  three  uncovered  LFs  over  the  other  models. 

The  p-median  model  produces  the  lowest  average  response  time  in  both  the  all 
staging  areas  and  the  MAF  only  staging  areas  solutions  with  4.92  minutes  and  12.38 
minutes  respectively.  The  hybrid  model  closely  follows  with  an  average  response  time  of 
5.76  minutes  in  the  all  staging  areas  solution  and  12.71  minutes  in  the  MAF  only  staging 
areas  solution.  These  hybrid  model  times  are  17.07%  greater  than  the  p-median  times  in 
the  all  staging  areas  solution  and  only  2.67%  greater  in  the  MAF  only  staging  areas 
solution.  The  p-center  model  has  an  average  response  time  of  7.73  minutes  for  the  all 
staging  areas  solution  and  13.44  minutes  for  the  MAF  only  staging  areas  solution.  The  p- 
center  model  times  are  57.1 1%  higher  than  the  p-median  in  the  all  staging  areas  solution 
and  8.56%  higher  in  the  MAF  only  staging  areas  solution.  The  average  response  time  in 
the  all  staging  areas  solution  of  the  p-center  model  is  34.20%  greater  than  the  hybrid 
model  solution  and  5.74%  greater  in  the  MAF  only  staging  areas  solution.  The  MCLP 
model  produces  the  highest  average  response  times  with  20.73  minutes  in  the  all  staging 
areas  solution  and  16.37  minutes  in  the  MAF  only  staging  areas  solution.  The  all  staging 
areas  solution  for  the  MCLP  model  is  321.34%  higher  than  the  p-median  solution, 
259.90%  above  the  hybrid  solution,  and  168. 18%  higher  than  the  p-center  solution.  The 
difference  in  the  MAF  only  staging  areas  solution  for  the  MCLP  model  is  not  nearly  as 
daunting,  being  32.23%  higher  than  the  p-median  solution,  28.80%  longer  than  the  hybrid 
solution,  and  21.80%  higher  than  the  p-center  solution. 
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The  p-median  model  also  produces  the  lowest  average  total  distance  for  both 
staging  area  solution  types.  This  appropriately  fulfills  the  objective  of  this  type  of  model. 
The  average  total  distance  in  the  all  staging  areas  solution  is  28.83  miles  and  59.93  miles 
in  the  MAF  only  staging  areas  solution.  The  hybrid  distance  in  the  all  staging  areas 
solution  is  17.07%  greater  with  33.75  miles  and  only  3.97%  greater  in  the  MAF  only 
staging  areas  solution  at  62.3 1  miles.  The  p-center  model  distance  of  43.94  miles  for  the 
all  staging  areas  solution  is  52.41%  greater  than  the  p-median  model  and  1 1.05%  greater 
for  the  MAF  only  staging  areas  solution  at  66.55  miles.  These  p-center  solution  distances 
are  30.19%  longer  than  the  hybrid  distance  in  the  all  staging  areas  solution  and  6.80% 
longer  in  the  MAF  only  staging  areas  solution.  The  MCLP  model  again  performs  poorly 
in  this  category  with  96.88  miles  for  the  all  staging  areas  solution  and  78.30  miles  for  the 
MAF  only  staging  areas  solution.  The  all  staging  areas  solution  is  236.04%  greater  than 
the  p-median  model  solution,  187.05%  more  than  the  hybrid  model  solution,  and 
120.48%  greater  than  the  p-center  model  solution.  The  MAF  only  staging  areas  solution 
for  the  MCLP  compares  much  better  while  being  30.65%  greater  than  the  p-median 
model  solution,  25.66%  over  the  hybrid  model  solution,  and  17.66%  greater  than  the  p- 
center  model  solution. 

The  p-center  model,  as  should  be  the  case  with  its  stated  objective,  conveys  the 
lowest  average  maximum  distance  any  Fire  Team  is  located  from  a  penetrated  LF.  The 
hybrid  model,  employing  the  same  initial  objective,  has  the  same  results  for  this 
parameter.  The  all  staging  areas  solution  produces  an  average  maximum  distance  of  7.30 
miles.  The  p-median  model  solution  of  10.95  miles  is  43.84%  greater  and  the  MCLP 
model  solution  of  18.54  miles  is  153.97%  higher.  The  MCLP  model  solution  is  also 
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69.32%  greater  than  the  p-median  model  solution.  The  MAF  only  staging  areas  solutions 
in  the  p-center  and  hybrid  models  provide  an  average  maximum  distance  of  12.53  miles. 
The  p-median  model  solution  distance  is  only  slightly  higher  at  12.98  miles,  a  difference 
of  3.59%.  The  MCLP  model  is  34. 16%  greater  than  the  p-center  and  hybrid  model 
solutions  and  29.97%  greater  than  the  p-median  model  solution  with  16.81  miles.  A 
summary  of  these  results  appears  in  Table  2  below. 


Table  2.  Four  Model  Comparison,  Original  Data  Set 


All  Starling  Areas 

MA 

Only  Staging  Areas 

Usage 

Response  time 

Total  Distance 

MaxDistance 

Uncovered 

lUffl 

Response  time 

Total  Distance 

Max  Distance 

Uncovered 

66.38% 

2073  mins 

96.88  miles 

18.54  miles 

77.59% 

16.37  mins. 

70.30  miles 

16.81  miles 

3 

p-median 

97.84% 

4.92  mins. 

28.83  miles 

10.95  miles 

MEIgSlI 

97.84% 

12.38  mins. 

p-center 

97.84% 

7.73  mins. 

43.94  miles 

7.30  miles 

miKti 

90.52% 

13.44  mins. 

Mililsu 

Hybrid 

97.84% 

5.76  mins. 

33.75  miles 

7  30  miles 

IBi 

97.84% 

12.71  mins. 

62.31  miles 

12.53  miles 

None 

Percentage  of  Improvement 

Percentage  of  Improvement 

31.46% 

-321.34% 

-236.04% 

-69.32% 

— 

20.25% 

-32.23% 

-30.65% 

-29.97% 

-3 

31.46% 

-168.18% 

-120.48% 

■153.97% 

12.93% 

-21.80% 

-17.66% 

-34.16% 

■3 

31.46% 

-259.90% 

-187.05% 

■69.32% 

20.25% 

-28.80% 

-25.66% 

-34.16% 

■3 

•• 

57.11% 

52.41% 

■43.84% 

-7.32% 

8.56% 

HKEiB 

BH 

— 

p-median  vs.  Hybrid 
p-center  vs.  Hybrid 

17.07% 

17.07% 

■43.84% 

- 

2.67% 

3.97% 

-3.59% 

N/A 

-- 

-34.20% 

-30.19% 

N/A 

mvim 

■7.32% 

•5.74% 

msm 

« BiM 

mwm 

MCLP  Model,  Original  Reduced  Data  Set 

The  same  parameters  compared  in  the  full  data  set  appear  in  all  model 
comparisons  of  the  reduced  data  set  analysis.  The  comparisons  between  staging  area 
types  are  still  performed,  but  the  all  staging  areas  solution  employs  twelve  fewer  data 
points  in  all  four  models  due  to  the  removal  of  the  zero  response  time  days.  The  figures 
for  the  MAF  only  staging  areas  solutions  remain  the  same  as  the  full  data  set  so  only  the 
percentage  difference  from  these  values  is  shown.  In  this  reduced  data  set,  the  MCLP 
utilizes  127  of  179  available  Fire  Teams,  70.95%,  in  the  all  staging  areas  solution,  an 


61 


increase  of  6.64%  over  the  MAF  only  staging  areas  solution.  As  in  the  full  data  set,  the 
all  staging  area  solution  has  no  uncovered  LFs,  three  less  than  the  MAF  only  staging 
areas  solution.  The  average  response  time  is  19.64%  lower  in  the  MAF  only  staging 
areas  solution  than  in  the  all  staging  areas  solution  which  produces  20.37  minutes.  The 
maximum  average  response  time  in  the  all  staging  areas  solution  is  24.41  minutes  and  the 
minimum  average  response  time  is  14.57  minutes. 

The  average  total  distance  in  the  all  staging  areas  solution  is  107.97  miles,  with  a 
MAF  only  staging  areas  solution  37.89%.  The  all  staging  areas  solution  has  a  maximum 
distance  of  202.91  miles  and  a  minimum  of  59.39  miles.  .  The  average  maximum 
distance  any  Fire  Team  is  located  from  a  penetrated  LF  is  18.68  miles  for  the  all  staging 
areas  solution.  The  MAF  only  staging  areas  solution  represents  a  decreased  distance  of 
10.01%.  A  maximum  value  of  19.96  miles  and  a  minimum  value  of  16.26  miles  exist  in 
the  all  staging  areas  solution.  Three  fewer  scheduled  penetrated  LFs  are  uncovered  in  the 
all  staging  areas  solution  of  this  data  set. 

p-median  Original  Model,  Reduced  Data  Set 

The  p-median  model  employs  all  of  the  available  Fire  Teams  in  the  all  staging 
areas  solution  and  the  MAF  only  staging  areas  solution  requires  2.16%  fewer  Fire  Teams. 
This  reduced  data  set  again  produces  a  dramatic  difference  in  average  response  times 
between  the  all  staging  areas  solution  and  the  MAF  only  solution.  The  MAF  only  staging 
areas  solution  is  94.65%  greater  than  the  all  staging  areas  solution  of  6.36  minutes.  The 
all  staging  areas  solution  reports  a  maximum  average  response  time  of  13.80  minutes  and 
a  minimum  of  1. 16  minutes. 
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The  average  total  distance  is  nearly  as  skewed  with  the  MAF  only  staging  areas 
distance  being  60.80%  greater  than  the  all  staging  areas  distance  of  37.27  miles.  This 
parameter  has  a  maximum  distance  of  126.96  miles  and  a  minimum  distance  of  4.61 
miles  in  the  all  staging  areas  solution.  The  average  maximum  distance  any  Fire  Team  is 
from  a  penetrated  LF  is  actually  slightly  higher  in  the  all  staging  areas  solution  than  in  the 
MAF  only  staging  areas  solution.  The  MAF  only  staging  areas  solution  distance  is 
10.01%  lower  than  the  all  staging  areas  distance  of  14. 16  miles.  The  maximum  in  the  all 
staging  areas  solution  is  28.66  miles  and  the  minimum  is  4.61  miles. 

p-center  Model,  Original  Reduced  Data  Set 

The  p-center  model  utilizes  100%  of  the  available  Fire  Teams  in  the  all  staging 
areas  solution  and  9.48%  fewer  of  those  available  in  the  MAF  only  staging  areas  solution. 
The  average  response  time  is  34.40%  greater  in  the  MAF  only  staging  areas  solution  than 
in  the  all  staging  areas  solution.  The  average  response  time  for  the  all  staging  areas 
solution  is  10  minutes.  The  all  staging  areas  solution  conveys  a  maximum  average 
response  time  of  19.65  minutes  and  a  minimum  of  1.50  minutes. 

A  difference  of  17.17%  is  seen  when  comparing  the  average  total  distances.  The 
all  staging  areas  solution  produces  a  distance  of  56.80  miles.  The  all  staging  areas 
solution  has  a  maximum  distance  of  157.87  miles  and  a  minimum  of  5  miles.  The 
average  maximum  distance  of  any  Fire  Team  to  a  penetrated  LF  in  the  MAF  only 
solution  is  32.73%  greater  than  the  all  staging  areas  solution  of  9.44  miles.  The 
maximum  distance  in  the  all  staging  areas  solution  is  18.15  miles  and  the  minimum  is 
2.78  miles. 
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Hybrid  Model,  Original  Reduced  Data  Set 

The  all  staging  areas  solution  in  the  hybrid  model  utilizes  all  available  Fire  Teams 
and  the  MAF  only  staging  areas  solution  requires  2.16%  fewer.  The  average  response 
time  in  the  all  staging  areas  solution  is  7.45  minutes  and  the  MAF  only  staging  areas 
solution  produces  a  time  70.60%  greater.  The  all  staging  areas  solution  has  a  maximum 
average  response  time  of  15.84  minutes  and  a  minimum  of  1.50  minutes.  The  average 
total  distance  in  the  MAF  only  staging  areas  solution  is  42.81%  greater  than  the  all 
staging  areas  solution  distance  of  43.63  miles.  The  maximum  distance  in  the  all  staging 
areas  solution  is  147.88  miles  and  the  minimum  is  5  miles.  All  values  for  the  average 
maximum  distance  any  Fire  Team  is  located  from  a  penetrated  LF  are  the  same  as  the  p- 
center  model  values.  A  summary  of  the  comparisons  between  the  solutions  for  all 
staging  areas  and  MAF  only  staging  areas  for  each  model  type  is  shown  below  in  Table 
3. 


Table  3.  Original  Reduced  Data  Set 


All  Staqinq  Areas  j 

Total  Distance 

MaxDistance 

Uncovered 

MCLP 

70.95% 

20.37  mins. 

107.97  miles 

18.68  miles 

None 

p  -median 

100.00% 

6.36  mins. 

37.27  miles 

14.16  miles 

None 

p  -center 

100.00% 

10  mins. 

56.80  miles 

9.44  miles 

None 

Hybrid 

100.00% 

7.45  mins. 

43.63  miles 

9.44  miles 

None 

MAF  Only  Staqinq  Areas  j 

MCLP 

77.59% 

16.37  mins. 

78.30  miles 

16.81  miles 

3 

p-median 

97.84% 

12.38  mins. 

59.93  miles 

12.98  miles 

None 

p -center 

90.52% 

13.44  mins. 

66.55  miles 

12.53  miles 

None 

Hybrid 

97.84% 

12.71  mins. 

62.31  miles 

12.53  miles 

None 

Percentaqe  Chanqe  of  MAF  Only  Solution  | 

MCLP 

6.64% 

-19.64% 

-37.89% 

-10.01% 

3 

p-median 

-2.16% 

94.65% 

60.80% 

-8.33% 

N/A 

p  -center 

-9.48% 

34.40% 

17.17% 

32.73% 

N/A 

Hybrid 

-2.16% 

70.60% 

42.81  % 

32.73% 

N/A 
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Four  Model  Comparison,  Original  Reduced  Data  Set 

The  MAF  only  staging  areas  model  type  comparison  values  remain  the  same  as 
the  full  data  set.  Therefore,  only  the  all  staging  areas  model  comparisons  are  portrayed 
here.  As  in  the  full  data  set,  the  MCLP  model  utilizes  the  lowest  percentage  of  available 
Fire  Teams  with  70.95%.  This  is  29.05%  lower  than  that  of  the  p-median,  p-center,  and 
hybrid  model  solutions,  which  utilized  all  available  Fire  Teams.  No  scheduled  penetrated 
LFs  are  left  uncovered  in  the  all  staging  areas  solution  of  the  MCLP  model.  Once  again, 
the  p-median  model  produces  the  lowest  average  response  time.  In  the  all  staging  areas 
solution,  the  p-median  model  average  response  time  is  6.36  minutes.  The  MCLP  model 
arrives  at  an  average  response  time  220.28%  higher  with  20.37  minutes.  The  p-center 
model  solution  is  57.23%  higher  than  the  p-median  at  10  minutes,  but  this  is  also  an 
improvement  of  103.70%  over  the  MCLP  model  solution.  The  hybrid  model  average 
response  time  of  12.71  minutes  is  17.17%  greater  than  the  p-median  time  but  173.42% 
lower  than  the  MCLP  model  time  and  34.23%  lower  than  the  p-center  model  time. 

The  p-median  model  again  meets  its  objective  in  the  reduced  data  set  with  the 
lowest  average  total  distance  of  37.27  miles.  The  p-center  model  solution  requires  an 
average  total  distance  52.40%  greater  than  the  p-median  solution  and  30.19%  greater  than 
the  hybrid  model  with  56.80  miles.  This  p-center  solution  is  90.09%  better  than  the 
MCLP  model  solution  of  107.97  miles.  The  MCLP  model  solution  is  189.70%  worse 
than  the  p-median  model  solution  and  adds  147.47%  to  the  hybrid  model  distance  of 
43.63  miles.  The  hybrid  model  solution  distance  is  17.06%  greater  than  the  p-median 
model  distance. 
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As  should  be  expected,  the  p-center  and  hybrid  models  again  produce  the  lowest 


average  maximum  distance  any  Fire  Team  is  located  from  a  penetrated  LF.  The 
distances  and  differences  shown  apply  to  both  models.  The  average  distance  in  the  all 
staging  areas  solution  is  9.44  miles.  The  p-median  model  produces  an  average  distance 
50%  greater  than  this  at  14.16  miles  for  the  all  staging  areas  solution.  The  MCLP 
model’s  average  maximum  distance  of  18.68  miles  in  the  all  staging  areas  solution  is 
97.88%  greater  than  the  p-center  and  hybrid  solutions  and  31.92%  greater  than  the  p- 


median  solution  in  this  category.  These  comparisons  appear  in  Table  4  below. 


Table  4.  Four  Model  Comparison,  Original  Reduced  Data  Set 


All  Staqinq  Areas  | 

Total  Distance 

MaxDistance 

Uncovered 

MCLP 

70.95% 

20.37  mins. 

107.97  miles 

18.68  miles 

None 

p-median 

100.00% 

6.36  mins. 

37.27  miles 

14.16  miles 

None 

p-center 

100.00% 

10  mins. 

56.80  miles 

9.44  miles 

None 

Hybrid 

100.00% 

7.45  mins. 

43.63  miles 

9.44  miles 

None 

Percentaqe  of  Improvement  | 

29.05% 

-220.28% 

-189.70% 

-31 .92% 

N/A 

MCLP  vs.  p-center 

29.05% 

-103.70% 

-90.09% 

-97.88% 

N/A 

29.05% 

-173.42% 

-147.47% 

-97.88% 

N/A 

- 

57.23% 

52.40% 

-50.00% 

N/A 

p-median  vs.  Hybrid 

— 

17.14% 

17.06% 

-50.00% 

N/A 

p-center  vs.  Hybrid 

- 

-34.23% 

-30.19% 

N/A 

N/A 

Comparison  of  Original  Data  Sets 

Removing  the  zero  response  time  dates  from  the  full  data  set  has  a  slight  effect  on 
the  percentage  of  difference,  but  does  not  change  which  model  performs  best  in  each 
category.  All  MAF  only  staging  area  comparisons  remain  the  same  in  both  data  set  types 
since  no  data  points  are  removed  for  this  solution  type.  In  the  Fire  Team  usage  category 
for  the  all  staging  areas  solution,  the  MCLP  model  utilizes  31.46%  fewer  Fire  Teams  than 
the  p-median,  p-center,  and  hybrid  models  in  the  full  data  set,  compared  to  29.05%  fewer 
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in  the  reduced  data  set.  The  number  of  scheduled  penetrated  LFs  that  are  not  covered  is 
the  same  in  both  data  sets  with  zero  in  the  all  staging  areas  solution. 

The  p-median  model  solution  provides  the  lowest  average  response  times  in  both 
data  sets.  In  the  all  staging  areas  solution  of  the  full  data  set,  this  time  is  32 1 .34%  lower 
than  the  MCLP  model  time,  57.11%  lower  than  the  p-center  model  time,  and  17.07% 
lower  than  the  hybrid  model  time.  The  MCLP  model  time  exceeds  the  hybrid  model  time 
by  259.90%.  The  p-center  time  is  168.18%  under  that  of  the  MCLP  model  and  34.20% 
greater  than  the  hybrid  model.  The  reduced  data  set  produces  similar  results  in  the  all 
staging  areas  solution,  with  the  p-median  average  response  time  220.28%  lower  than  the 
MCLP  model,  57.23%  lower  than  the  p-center  model,  and  17.14%  lower  than  the  hybrid 
model.  The  MCLP  model  time  is  173.42%  greater  than  the  hybrid  model  time.  The  p- 
center  model  time  is  103.70%  lower  than  the  MCLP  model  yet  34.23%  greater  than  the 
hybrid  model  time. 

The  p-median  model  performs  best  in  both  data  sets  with  respect  to  minimizing 
the  average  total  distance.  The  all  staging  areas  solution  in  the  full  data  set  show  the 
MCLP  model  at  a  distance  236.04%  greater  than  the  p-median,  187.05%  greater  than  the 
hybrid  model,  and  120.48%  greater  than  the  p-center  model.  The  p-center  model  distance 
is  52.41%  greater  than  that  of  the  p-median  model  and  30. 19%  beyond  the  hybrid  model 
distance.  The  hybrid  model  distance  is  17.07%  greater  than  the  p-median  model  distance. 
The  reduced  data  set  differences  are  slightly  less  profound.  The  MCLP  model  distance  in 
the  all  staging  areas  solution  is  189.70%  beyond  that  of  the  p-median  model,  147.47% 
greater  than  the  hybrid  model,  and  90.09%  above  the  p-center  model  distance.  The  p- 
center  model  distance  is  52.40%  greater  than  the  p-median  model  and  30.19%  greater 


67 


than  the  hybrid  model  distance.  The  hybrid  model  distance  exceeds  that  of  the  p-median 
model  by  17.07%  again. 

The  p-center  and  hybrid  models,  in  conjunction  with  their  primary  objective, 
perform  best  in  both  data  sets  for  minimizing  the  maximum  distance  any  Fire  Team  is 
located  from  a  penetrated  LF.  For  the  all  staging  areas  solution  in  the  full  data  set,  the 
MCLP  model  distance  is  153.97%  greater  than  the  p-center  and  hybrid  model  distances 
and  69.32%  greater  than  the  p-median  model  distance.  The  p-median  model  distance  is 
43.84%  beyond  the  p-center  and  hybrid  model  distances.  The  reduced  data  set  in  the  all 
staging  areas  solution  shows  the  MCLP  model  distance  is  97.88%  above  the  p-center  and 
hybrid  model  distances  and  3 1 .92%  above  the  p-median  model  distance.  The  p-median 
model  exceeds  the  p-center  and  hybrid  model  distances  by  50%.  The  side-by-side 
comparison  between  the  two  data  sets  for  all  staging  areas  is  shown  below  in  Table  5. 


Table  5.  All  Staging  Areas  Solution  Comparison,  Original  Data  Sets 


All  Staging  Areas 

Full  Data  Set 

deduced  Data  Set 

Plffl 

Response  time 

Total  Distance 

MaxDistance 

Uncovered 

Usage 

Response  time 

MCLP 

66.38% 

20.73  mins. 

96,88  miles 

18.54  miles 

None 

70.95% 

20.37  mins. 

107.97  miles 

18.68  miles 

None 

p-median 

97.84% 

4.92  mins. 

28.83  miles 

10.95  miles 

None 

mm 

6.36  mins. 

37.27  miles 

14.16  miles 

None 

p-center 

97.84% 

7.73  mins. 

43.94  miles 

7.30  miles 

None 

ITililM 

nm 

56.80  miles 

— 

SjHITjC;.-'"'  ■  7  j  f 

97.84% 

5.76  mins. 

33.75  miles 

7.30  miles 

None 

100.00% 

7.45  mins. 

43.63  miles 

9,44  miles 

— 

Percentage  of  Improvement 

Percentage  of  Improvement 

WWilB 

31.46% 

■321.34% 

■236.04% 

■69.32% 

— 

29,05% 

-220,28% 

■189,70% 

MWM 

— 

31.46% 

■168.18% 

■120.48% 

■153.97% 

IPifiliPlfl 

31.46% 

■259.90% 

■187.05% 

•69.32% 

29.05% 

■173.42% 

■147.47% 

•• 

1H1I 

•• 

17,07% 

17.07% 

■43.84% 

17.14% 

17.06% 

-- 

•34.20% 

■30.19% 

f 

— 

•34.23% 

•30.19% 

— 
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Sensitivity  Analysis 

Two  more  sets  of  model  runs  are  presented  for  the  purposes  of  sensitivity  analysis 
and  to  test  assumptions.  The  first  model  set  changes  the  assumption  about  the  number  of 
Fire  Teams  available.  In  this  model  set,  the  number  of  Fire  Teams  available  is 
standardized  at  two  below  the  number  required  by  AFSPCI  31-1101.  This  shows  the 
effect  that  two  open  holes  per  day,  the  normally  accepted  maximum,  can  have  on  the 
analysis  parameters.  The  total  number  of  available  Fire  Teams  is  then  159  in  the  full  data 
set  and  153  in  the  reduced  data  set.  The  full  data  set  with  reduced  Fire  Teams  produces 
only  two  days  with  zero  response  times  for  the  p-median,  p-center,  and  hybrid  solutions, 
so  the  reduced  data  set  contains  all  except  these  two  days  of  data.  Again,  the  MAF  only 
staging  areas  solution  is  unaffected  by  this  and  all  parameters  remain  the  same  in  both 
data  sets. 

The  second  model  set  adjusts  the  maximum  distance  from  twenty  miles  to  ten 
miles.  This  results  in  the  same  number  of  zero  response  time  days  as  the  original  data 
set,  so  the  reduced  data  set  with  the  reduced  maximum  distance  removes  the  same 
number  of  days  as  the  original  reduced  data  set.  Only  the  MCLP  model  results  are 
affected  in  this  model  set;  the  p-median,  p-center,  and  hybrid  solutions  remain  the  same 
as  in  the  original  data  set.  The  number  of  available  Fire  Teams  remains  the  same  as  the 
original  data  set  for  both  the  full  and  reduced  data  set  with  reduced  maximum  distance. 

MCLP  Model,  Full  Data  Set  w/  Reduced  Fire  Teams 

The  all  staging  areas  solution  employs  88.05%  of  the  available  Fire  Teams.  The 
MAF  only  staging  areas  solution  extends  the  employment  of  available  Fire  Teams  to 
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94.97%,  an  increase  of  6.92%  over  the  all  staging  areas  solution.  Two  scheduled 
penetrated  LFs  are  not  covered  in  the  all  staging  areas  solution  and  twenty-eight  are  left 
uncovered  in  the  MAF  only  staging  areas  solution,  an  increase  of  26.  The  MAF  only 
staging  areas  solution  average  response  time  of  16.39  minutes  represents  an  improvement 
of  20.78%  over  the  all  staging  areas  average  response  time  of  20.69  minutes.  The 
maximum  average  response  time  seen  in  the  all  staging  areas  solution  is  26.14  minutes 
and  the  minimum  is  14.57  minutes.  The  MAF  only  staging  areas  solution  provides  a 
maximum  average  response  time  of  21.10  minutes  and  a  minimum  time  of  10.78  minutes. 

The  average  total  distance  of  72.43  miles  in  the  MAF  only  staging  areas  solution 
is  24.34%  lower  than  the  95.73  miles  that  the  all  staging  areas  solution  produces.  A 
maximum  distance  of  202.64  exists  in  the  all  staging  areas  solution,  with  a  minimum 
value  of  29.92  miles.  The  MAF  only  staging  areas  solution  produces  a  maximum 
distance  of  143.60  miles  and  a  minimum  of  15.79  miles.  The  average  maximum  distance 
that  any  Fire  Team  is  located  from  a  penetrated  LF  is  also  lower  in  the  MAF  only  staging 
areas  solution  at  16.63  miles  versus  the  all  staging  areas  solution  of  18.49  miles,  a 
difference  of  10.06%.  The  maximum  value  for  this  parameter  in  the  all  staging  areas 
solution  is  19.96  miles,  with  a  minimum  of  15.92  miles.  These  values  are  19.69  miles  for 
the  maximum  and  8.07  for  the  minimum  in  the  MAF  only  staging  areas  solution. 

p-median  Model,  Full  Data  Set  w/  Reduced  Fire  Teams 

The  p-median  model  requires  the  use  of  99.37%  of  the  available  Fire  Teams  in 
both  the  all  staging  areas  and  MAF  only  staging  areas  solutions.  The  average  response 
time  of  15.22  minutes  in  the  MAF  only  staging  areas  solution  is  44.68%  above  the  all 
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staging  areas  solution  time  of  10.52  minutes.  The  all  staging  areas  solution  produces  a 
maximum  average  response  time  of  19.07  minutes  and  zero  minutes  for  the  minimum. 
The  MAF  only  staging  areas  times  are  21.86  minutes  for  the  maximum  average  and  9.78 
minutes  for  the  minimum  average. 

The  MAF  only  staging  areas  solution  produces  an  average  total  distance  35.49% 
beyond  the  all  staging  areas  solution  with  75.21  miles  and  55.51  miles,  respectively.  The 
maximum  value  in  the  all  staging  areas  solution  is  164.35  miles  and  zero  miles  for  the 
minimum.  The  MAF  only  staging  areas  solution  has  a  maximum  distance  of  182.15 
miles  and  a  minimum  of  15.79  miles.  The  average  maximum  distance  any  Fire  Team  is 
located  from  a  penetrated  LF  is  actually  slightly  lower  in  the  MAF  only  staging  areas 
solution.  This  solution  produces  a  distance  of  19.05  miles,  which  is  a  0.16% 
improvement  upon  the  all  staging  areas  solution  of  19.08  miles.  The  maximum  distance 
in  the  all  staging  areas  solution  is  33.47  miles  with  another  zero  value  for  the  minimum. 
The  MAF  only  staging  areas  solution’s  maximum  distance  is  36.38  miles  and  the 
minimum  is  8.07  miles. 

p-center  Model,  Full  Data  Set  w/  Reduced  Fire  Teams 

The  p-center  model  utilizes  99.37%  of  the  available  Fire  Teams  in  the  all  staging 
areas  solution  and  98.1 1%  in  the  MAF  only  staging  areas  solution,  a  1.26% 
improvement.  The  average  response  time  of  17.38  minutes  in  the  MAF  only  staging 
areas  solution  is  19.04%  longer  than  the  all  staging  areas  solution  time  of  14.60  minutes. 
The  maximum  average  response  time  in  the  all  staging  areas  solution  is  25.32  minutes 
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and  the  minimum  is  zero.  The  MAF  only  staging  areas  solution  produces  maximum  and 
minimum  average  response  times  of  27.57  minutes  and  9.78  minutes,  respectively. 

The  all  staging  areas  solution  produces  an  average  total  distance  of  74.77  miles 
and  the  MAF  only  staging  areas  solution  is  16.68%  higher  at  87.24  miles.  The  all  staging 
areas  solution  has  a  maximum  distance  of  199.06  miles,  with  a  minimum  distance  of 
zero.  The  MAF  only  staging  areas  values  are  222.03  miles  for  the  maximum  and  15.79 
miles  for  the  minimum.  The  average  maximum  distance  that  any  Fire  Team  is  located 
from  a  penetrated  LF  is  32.61%  higher  for  the  MAF  only  staging  areas  solution  with 
17.12  miles,  compared  to  12.91  miles  in  the  all  staging  areas  solution.  The  all  staging 
areas  minimum  is  again  zero  and  the  maximum  is  21.57  miles.  The  MAF  only  staging 
areas  solution  maximum  is  27.31  miles  and  the  minimum  is  8.07  miles,  the  same 
minimum  value  in  all  four  model  types. 

Hybrid  Model,  Full  Data  Set  w/  Reduced  Fire  Teams 

The  hybrid  model  requires  99.37%  of  the  available  Fire  Teams  in  both  staging 
areas  solution  types.  The  MAF  only  staging  areas  average  response  time  of  16.33 
minutes  is  35.41%  greater  than  the  all  staging  areas  solution  time  of  12.06  minutes.  The 
maximum  average  response  time  in  the  all  staging  areas  solution  is  23.3 1  minutes  with  a 
minimum  of  zero.  The  MAF  only  staging  areas  maximum  and  minimum  average 
response  times  are  25.35  minutes  and  9.78  minutes,  respectively. 

The  average  total  distance  in  the  all  staging  areas  solution  is  63.82  miles,  with  a 
maximum  distance  of  198.88  miles  and  a  minimum  of  zero.  The  MAF  only  staging  areas 
average  total  distance  is  28.17%  greater  at  81.80  miles,  with  a  maximum  of  204.21  miles 
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and  a  minimum  of  15.79  miles.  The  comparisons  for  average  maximum  distance  any 
Fire  Team  is  located  from  a  penetrated  LF,  including  maximum  and  minimum  values,  are 
the  same  as  those  in  the  p-center  model.  Comparisons  of  the  two  types  of  solutions,  all 
staging  areas  and  MAF  only  staging  areas,  for  each  of  the  four  model  types  is  shown  in 
Table  6  below. 


Table  6.  Full  Data  Set  with  Reduced  Fire  Teams 


All  Staging  Areas  | 

Total  Distance 

MaxDistance 

Uncovered 

MCLP 

88.05% 

20.69  mins. 

95.73  miles 

18.49  miles 

2 

p-median 

99.37% 

10.52  mins. 

55.51  miles 

19.08  miles 

None 

p-center 

99.37% 

14.60  mins. 

74.77  miles 

12.91  miles 

None 

Hybrid 

99.37% 

12.06  mins. 

63.82  miles 

12.91  miles 

None 

MAI 

F  Only  Staging  Areas  | 

MCLP 

94.97% 

16.39  mins. 

72.43  miles 

16.63  miles 

28 

p-median 

99.37% 

15.22  mins. 

75.21  miles 

19.05  miles 

None 

p-center 

98.11% 

17.38  mins. 

87.24  miles 

17.12  miles 

None 

Hybrid 

99.37% 

16.33  mins. 

81.80  miles 

17.12  miles 

None 

Percentage  Change  of  MAF  Only  Solution  j 

MCLP 

6.92% 

-20.78% 

-24.34% 

-10.06% 

26 

p-median 

- 

44.68% 

35  49% 

-0.16% 

N/A 

p-center 

-1.26% 

19.04% 

16.68% 

32.61  % 

N/A 

Hybrid 

- 

35.41  % 

28.17% 

32.61% 

N/A 

Four  Model  Comparison,  Full  Data  Set  w/  reduced  Fire  Teams 

As  in  the  original  data  set,  the  comparison  of  the  four  types  of  models  is  based  on 
percentage  of  available  Fire  Teams  used,  average  response  time,  average  total  distance, 
and  average  maximum  distance  any  Fire  Team  is  located  from  a  penetrated  LF.  The 
MCLP  model  requires  88.05%  of  available  Fire  Teams  in  the  all  staging  areas  solution,  in 
contrast  to  99.37%  for  the  p-median,  p-center,  and  hybrid  models,  an  improvement  of 
1 1 .32%  over  the  other  models.  The  MCLP  model  also  requires  fewer  Fire  Teams  in  the 
MAF  only  staging  areas  solution  with  94.97%  versus  99.37%  in  the  p-median  and  hybrid 
model  solutions  and  98. 1 1%  in  the  p-center  model  solution.  The  MCLP  model  requires 
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4.40%  fewer  Fire  Teams  than  the  p-median  and  hybrid  models  and  3.14%  fewer  than  the 
p-center  model.  The  p-center  model  employs  1.26%  fewer  Fire  Teams  than  the  p-median 
and  hybrid  models.  It  should  be  noted  that  this  improvement  in  Fire  Team  utilization 
comes  at  the  expense  of  not  covering  two  of  three  hundred  seventy  five  scheduled 
penetrated  LFs  in  the  all  staging  areas  solution  and  twenty-eight  in  the  MAF  only  staging 
areas  solution.  This  represents  0.53%  of  the  scheduled  LFs  in  the  all  staging  areas 
solution  and  7.47%  in  the  MAF  only  staging  areas  solution.  The  MCLP  model  has  two 
more  uncovered  LFs  than  the  p-median,  p-center,  and  hybrid  models  in  the  all  staging 
areas  solution  and  twenty  eight  more  in  the  MAF  only  staging  areas  solution. 

The  p-median  model  again  produces  the  lowest  average  response  time  in  the  all 
staging  areas  and  the  MAF  only  staging  areas  solutions  with  10.52  minutes  and  15.22 
minutes,  respectively.  The  hybrid  model  time  of  12.06  minutes  in  the  all  staging  areas 
solution  is  14.64%  greater  than  the  p-median  model  time  and  the  hybrid  time  of  16.33 
minutes  in  the  MAF  only  staging  areas  solution  is  7.29%  greater  than  the  p-median 
model  time.  The  p-center  model  produces  a  time  of  14.60  minutes  in  the  all  staging  areas 
solution,  which  is  38.78%  higher  than  the  p-median  model  solution  and  21.06%  greater 
than  the  hybrid  model  solution,  but  41.71%  lower  than  the  MCLP  model  solution  of 
20.69  minutes.  The  p-center  model  MAF  only  staging  areas  solution  time  of  17.38 
minutes  is  14.19%  higher  than  the  p-median,  6.43%  higher  than  the  hybrid,  and  6.04% 
higher  than  the  MCLP  model  solution  of  16.39  minutes.  The  MCLP  model  times  exceed 
those  of  the  p-median  model  by  96.67%  in  the  all  staging  areas  solution  and  by  7.69%  in 
the  MAF  only  staging  areas  solution.  These  percentages  are  71.56%  in  the  all  staging 
areas  solution  and  0.37%  in  the  MAF  only  staging  areas  solution  when  compared  to  the 
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hybrid  model.  Again,  assessment  of  the  MCLP  model  times  must  be  tempered  with  its 
inability  to  cover  all  scheduled  penetrated  LFs  in  both  solution  types. 

The  p-median  model  produces  the  lowest  average  total  distance  in  the  all  staging 
areas  solution  with  55.5 1  miles.  The  MCLP  model  exceeds  this  distance  by  72.46%  with 
95.73  miles.  This  distance  is  also  50%  greater  than  the  hybrid  model  distance  of  63.82 
miles  and  exceeds  the  p-center  distance  of  74.77  miles  by  28.03%.  The  p-center  model 
distance  is  34.70%  greater  than  the  p-median  model  distance  and  17.16%  greater  than  the 
hybrid  model  distance.  The  hybrid  model  distance  is  14.97%  greater  than  the  p-median 
model  distance.  The  results  differ  in  the  MAF  only  staging  areas  solution  because  of  the 
loss  of  covered  sites.  In  this  solution  type,  the  MCLP  model  produces  the  lowest  distance 
with  72.43  miles.  The  p-median  distance  of  75.21  miles  exceeds  that  of  the  MCLP  model 
by  3.84%.  The  hybrid  model  distance  of  8 1 .80  miles  exceeds  the  MCLP  model  by 
12.94%  and  the  p-median  model  distance  by  7.29%.  The  p-center  model  distance  of 
87.24  miles  is  20.45%  greater  than  the  MCLP  model  distance,  16%  beyond  the  p-median 
model  distance,  and  6.65%  above  the  hybrid  model  distance. 

The  p-center  and  hybrid  models  have  the  lowest  average  maximum  distance  any 
Fire  Team  is  located  from  a  penetrated  LF  in  the  all  staging  areas  solution  with  12.91 
miles.  The  MCLP  model  distance  is  43.22%  greater  than  this  at  18.49  miles,  yet  is 
3.19%  better  than  the  p-median  model  distance  of  19.08  miles.  This  p-median  distance 
exceeds  the  p-center  and  hybrid  solutions  by  47.80%.  Again,  the  MAF  only  staging  areas 
solution  requires  consideration  of  the  uncovered  scheduled  penetrated  LFs.  The  MCLP 
model  solution  is  best  in  this  category  at  16.63  miles.  The  p-median  model  solution  of 
19.05  miles  is  14.55%  greater  than  this  and  exceeds  the  p-center  and  hybrid  model 
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solution  of  17. 12  miles  by  1 1 .27%.  The  p-center  and  hybrid  solutions  are  then  2.95% 
greater  than  the  MCLP  model  solution.  A  summary  of  these  results  appears  in  Table  7 
below. 


Table  7.  Four  Model  Comparison,  Full  Data  Set  with  Reduced  Fire  Teams 


All  Staging  Areas 

MA 

:  Only  Staging  Areas 

Usage 

Response  time 

Uncovered 

Usage 

Response  time 

Total  Distance 

Max  Distance 

Uncovered 

MCLP 

EM 

MISIliTOl 

95.73  miles 

18.49  miles 

2 

94,97% 

16.39  mins. 

72,43  miles 

16.63  miles 

28 

p-median 

99.3/% 

10,52  mins. 

55.51  miles 

19,08  miles 

None 

99,37% 

15,22  mins. 

75,21  miles 

19.05  miles 

None 

99.3/% 

14.60  mins. 

74.77  miles 

12.91  miles 

None 

98.11% 

17.38  mins. 

87.24  miles 

17.12  miles 

None 

umwmem 

99.37% 

12.06  mins. 

63.82  miles 

12.91  miles 

— 

99.37% 

16.33  mins. 

81.80  miles 

17.12  miles 

— 

Percentage  of  Improvement 

Percentage  of  Improvement 

MCLP  vs.  p-median 

•11,32% 

96.67% 

72,46% 

3.19% 

■2 

•4.40% 

■7,69% 

3.84% 

14,55% 

— 

wsBiwiiro 

•11,32% 

•41.71% 

•28.03% 

•43.22% 

•2 

•28 

im 

•11.32% 

•71.56% 

•50.00% 

3.19% 

•2 

■4.40% 

•0.37% 

12.94% 

2.95% 

— 1 

p-median  vs.  p-center 
p-median  vs.  Hybrid 

-■ 

mmm 

H 

14.19% 

16.00% 

•11.27% 

•• 

14.64% 

14.97% 

mWMW 

- 

■11.27% 

•• 

•21.06% 

•17.16% 

— 

IB 

— 

MCLP  Model,  Reduced  Data  Set  w/  Reduced  Fire  Teams 

The  reduced  data  set  analysis  compares  the  same  parameters  as  the  full  data  set. 
The  MAF  only  staging  areas  values  are  the  same  as  the  original  data  set  so  only  the 
percentage  difference  is  shown,  along  with  the  new  all  staging  areas  solution  values.  In 
this  data  set,  the  all  staging  areas  solution  of  the  MCLP  model  utilizes  88.89%  of  the 
available  Fire  Teams  and  the  MAF  only  staging  areas  solution  employs  6.08%  fewer  of 
the  available  Fire  Teams.  The  number  of  scheduled  penetrated  LFs  that  cannot  be 
covered  remains  the  same  as  the  full  data  set.  The  average  response  time  in  the  MAF 
only  staging  areas  solution  improves  upon  the  all  staging  areas  solution  of  20.67  minutes 
by  20.71%.  A  maximum  average  response  time  of  26. 14  minutes  and  a  minimum 
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average  of  14.57  minutes  are  apparent  in  the  all  staging  areas  solution.  The  MAF  only 
staging  areas  average  total  distance  betters  the  all  staging  areas  solution  of  98. 12  miles  by 
26. 18%.  The  maximum  distance  in  the  all  staging  areas  solution  is  202.64  miles,  with  a 
minimum  distance  of  45.57  miles.  The  average  maximum  distance  any  Fire  Team  is 
located  from  a  penetrated  LF  is  10.30%  better  in  the  MAF  only  staging  areas  solution 
versus  the  18.54  miles  obtained  in  the  all  staging  areas  solution.  The  MAF  only  staging 
areas  solution  leaves  twenty  six  more  scheduled  penetrated  LFs  uncovered  than  the  two 
uncovered  in  the  all  staging  areas  solution.  The  maximum  value  for  the  all  staging  areas 
solution  is  19.96  miles  and  the  minimum  is  15.92  miles.  . 

p-median  Model,  Reduced  Data  Set  w/  Reduced  Fire  Teams 

The  p-median  model  in  this  data  set  utilizes  all  available  Fire  Teams  in  the  all 
staging  areas  solution  and  0.63%  fewer  in  the  MAF  only  staging  areas  solution.  The 
difference  in  average  response  times  between  the  all  staging  areas  solution  and  the  MAF 
only  solution  is  not  nearly  as  wide  as  in  the  original  data  set.  The  MAF  only  staging 
areas  solution  time  is  39.38%  greater  than  the  all  staging  areas  solution  time  of  10.92 
minutes.  The  maximum  average  response  time  in  the  all  staging  areas  solution  is  19.07 
minutes  and  the  minimum  average  is  2.85  minutes. 

The  MAF  only  staging  areas  average  total  distance  exceeds  by  30.46%  that  of  the 
all  staging  areas  distance  of  57.65  miles.  A  maximum  distance  of  164.35  miles  appears 
in  the  all  staging  areas  solution  and  a  minimum  of  7.60  miles.  The  average  maximum 
distance  any  Fire  Team  is  from  a  penetrated  LF  is  only  3.93%  higher  in  the  MAF  only 
staging  areas  solution  than  the  19.47  miles  produced  in  the  all  staging  areas  solution.  The 
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all  staging  areas  solution  has  a  maximum  distance  of  33.47  miles  and  a  minimum  of  5.59 
miles. 

p-center  Model,  Reduced  Data  Set  w/  Reduced  Fire  Teams 

The  p-center  model  requires  all  of  the  available  Fire  Teams  in  the  all  staging  areas 
solution  and  1.89%  fewer  of  them  in  the  MAF  only  staging  areas  solution.  The  MAF 
only  staging  areas  average  response  time  exceeds  the  all  staging  areas  time  of  15.17 
minutes  by  14.57%.  The  maximum  average  response  time  in  the  all  staging  areas 
solution  is  25.32  minutes  and  the  minimum  average  is  4.68  minutes.  A  similar 
percentage  difference  is  apparent  in  the  comparison  of  average  total  distances.  The  MAF 
only  staging  areas  distance  is  12.26%  beyond  the  all  staging  areas  distance  of  77.71 
miles.  The  maximum  value  for  the  all  staging  areas  solution  is  199.06  miles  and  the 
minimum  is  12.48  miles.  The  average  maximum  distance  any  Fire  Team  is  located  from 
a  penetrated  LF  in  the  MAF  only  staging  areas  solution  is  30. 10%  greater  than  the  all 
staging  areas  solution  distance  of  13.42  miles.  The  all  staging  areas  solution  produces  a 
maximum  distance  of  21.57  miles  and  a  minimum  distance  of  4.59  miles. 

Hybrid  Model,  Reduced  Data  Set  w/  Reduced  Fire  Teams 

The  all  staging  areas  solution  requires  all  available  Fire  Teams  and  the  MAF  only 
staging  areas  solution  employs  0.63%  fewer.  The  average  response  time  is  30.32% 
greater  in  the  MAF  only  staging  areas  solution  than  the  12.53  minutes  in  the  all  staging 
areas  solution.  The  maximum  average  response  time  is  23.3 1  minutes  and  the  minimum 
average  is  3.37  minutes.  The  average  total  distance  in  the  MAF  only  staging  areas 
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solution  exceeds  the  all  staging  areas  solution  of  66.32  miles  by  23.34%.  The  maximum 
total  distance  value  is  198.88  miles  and  the  minimum  is  4.59  miles.  The  values  in 
average  maximum  distance  any  Fire  Team  is  from  a  penetrated  LF  are  the  same  as  the  p- 
center  model  values.  The  solution  type  comparisons  for  each  model  are  shown  below  in 
Table  8. 


Table  8.  Reduced  Data  Set  with  Reduced  Fire  Teams 


All  Staging  Areas  | 

Total  Distance 

MaxDistance 

Uncovered 

MCLP 

88.89% 

20.67  mins. 

98.12  miles 

18.54  miles 

2 

p-median 

100.00% 

10.92  mins. 

57.65  miles 

19.83  miles 

None 

p-center 

100.00% 

15.17  mins. 

77.71  miles 

13.42  miles 

None 

Hybrid 

100.00% 

12.53  mins. 

66.32  miles 

13.42  miles 

None 

MAI 

F  Only  Staging  Areas  | 

MCLP 

94.97% 

16.39  mins. 

72.43  miles 

16.63  miles 

28 

p-median 

99.37% 

15.22  mins. 

75.21  miles 

19.05  miles 

None 

p-center 

98.11% 

17.38  mins. 

87.24  miles 

17.12  miles 

None 

Hybrid 

99.37% 

16.33  mins. 

81.80  miles 

17.12  miles 

None 

Percentage  Change  of  MAF  Only  Solution  j 

MCLP 

6.08% 

-20.71% 

-26.18% 

-10.30% 

26 

p-median 

-0.63% 

39.38% 

30  46% 

-3.93% 

N/A 

p-center 

-1 .89% 

14.57% 

12.26% 

27.57% 

N/A 

Hybrid 

-0.63% 

30.32% 

23.34% 

27.57% 

N/A 

Four  Model  Comparison,  Reduced  Data  Set  w /  Reduced  Fire  Teams 

As  in  the  original  data  sets,  this  comparison  is  only  relevant  for  the  all  staging 
areas  solution  because  the  MAF  only  staging  areas  comparisons  values  remain  the  same 
as  the  full  data  set.  Because  only  two  days  of  data  are  removed  for  producing  response 
times  of  zero,  the  four  model  comparison  in  this  reduced  data  set  is  very  similar  to  the 
full  data  set  comparison.  The  MCLP  model  again  utilizes  fewer  Fire  Teams  than  the  other 
models.  The  MCLP  model  utilization  rate  of  88.89%  in  the  all  staging  areas  solution  is 
11.11%  lower  than  the  p-median  model,  p-center,  and  hybrid  model  rates  of  100%.  The 
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all  staging  areas  MCLP  model  leaves  two  scheduled  penetrated  LFs  uncovered,  which  is 
two  more  than  the  other  models  since  they,  of  course,  cover  all  scheduled  penetrated  LFs. 

The  p-median  model  produces  the  lowest  average  response  time  in  the  all  staging 
areas  solution  with  10.92  minutes.  The  MCLP  model  time  of  20.67  minutes  is  89.29% 
above  the  p-median  model  time,  64.96%  greater  than  the  hybrid  model  time  of  12.53 
minutes,  and  36.26%  higher  than  the  p-center  model  time  of  15.17  minutes.  The  p-center 
model  time  is  38.92%  greater  than  the  p-median  time  and  21.07%  greater  than  the  hybrid 
model  average  response  time.  The  hybrid  model  average  response  time  exceeds  that  of 
the  p-median  model  by  14.74%. 

The  p-median  produces  the  lowest  average  total  distance  in  the  all  staging  areas 
solution  with  57.65  miles.  The  MCLP  model  distance  of  98.12  miles  is  70.20%  greater 
than  the  p-median  model,  47.95%  beyond  the  hybrid  model  distance  of  66.32  miles,  and 
26.26%  greater  than  the  p-center  model  distance  of  77.7 1  miles.  This  p-center  model 
distance  exceeds  the  p-median  model  distance  by  34.80%  and  the  hybrid  model  distance 
by  17. 17%.  The  hybrid  model  distance  is  15.04%  greater  than  the  p-median  model 
distance.  The  p-center  and  hybrid  models  achieve  the  lowest  average  maximum  distance 
any  Fire  Team  is  located  from  a  penetrated  LF  in  the  all  staging  areas  solution  with  13.42 
miles.  The  p-median  model  solution  of  19.83  miles  exceeds  this  by  47.76%  and  is  6.96% 
greater  than  the  MCLP  model  solution  of  18.54  miles.  The  MCLP  model  distance  is 
38.15%  greater  than  the  p-center  and  hybrid  model  distance.  These  comparisons  are 
summarized  below  in  Table  9. 
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Table  9.  Four  Mod 


el  Comparison,  Reduced  Data  Set  with  Reduced  Fire  Teams 


All  Staging  Areas 

r  SPtS: 

Total  Distance 

MaxDistance 

Uncovered 

MCLP 

88.89% 

20.67  mins. 

98.12  miles 

18.54  miles 

2 

p-median 

100.00% 

10.92  mins. 

57.65  miles 

19.83  miles 

None 

p-center 

100.00% 

15.17  mins. 

77.71  miles 

13.42  miles 

None 

Hybrid 

100.00% 

12.53  mins. 

66.32  miles 

13.42  miles 

None 

Percentage  of  Improvement 

MCLP  vs.  p-median 

11.11% 

-89.29% 

-70.20% 

6.96% 

-2 

11.11% 

-36.26% 

-26.26% 

-38.15% 

-2 

11.11% 

-64.96% 

-47.95% 

-38.15% 

-2 

p-median  vs.  p-center 

- 

38.92% 

34.80% 

-47.76% 

N/A 

p-median  vs.  Hybrid 

- 

14.74% 

15  04% 

-47.76% 

N/A 

- 

-21 .07% 

-17.17% 

N/A 

N/A 

Comparison  of  Data  Sets  w/  Reduced  Fire  Teams 

Because  only  two  zero  response  time  dates  are  removed  to  produce  the  reduced 
data  set,  very  little  difference  occurs  between  the  full  and  reduced  data  sets  all  staging 
areas  solutions.  The  MAF  only  staging  areas  solutions  do  not  appear  in  this  comparison 
since  no  changes  occur  between  the  data  sets.  Fire  Team  usage  in  the  all  staging  areas 
solution  of  the  full  data  set  shows  the  MCLP  model  uses  1 1 .32%  fewer  teams  than  the  p- 
median,  p-center,  and  hybrid  models.  This  difference  minutely  adjusts  in  the  reduced 
data  set,  by  0.23%,  to  11.11%.  The  difference  between  the  p-median,  p-center,  and 
hybrid  models  remains  at  zero  in  both  the  full  and  reduced  data  sets.  Both  the  full  and 
reduced  data  sets  MCLP  models  cannot  cover  the  same  two  scheduled  penetrated  LFs  in 
the  all  staging  areas  solution. 

The  p-median  model  produces  the  lowest  average  response  times  in  both  data 
sets.  The  MCLP  model  all  staging  areas  average  response  time  in  the  full  data  set 
exceeds  the  p-median  model  time  by  96.67%,  the  hybrid  model  time  by  71.56%,  and  the 
p-center  model  time  by  41.71%.  The  p-center  time  is  38.78%  longer  than  the  p-median 
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model  time  and  2 1 .06%  longer  than  the  hybrid  model  time.  The  hybrid  model  time  is 
14.64%  greater  than  the  p-median  model  time.  The  reduced  data  set  shows  the  MCLP 
model  time  exceeds  the  p-median  model  time  by  89.29%,  the  hybrid  model  average 
response  time  by  64.96%,  and  the  p-center  model  time  by  36.26%.  The  p-center  model 
time  exceeds  the  p-median  model  time  by  38.92%  and  the  hybrid  model  time  by  21.07%, 
with  the  hybrid  model  time  14.74%  greater  than  the  p-median  model  time. 

With  the  all  staging  areas  solution  in  the  full  data  set,  the  average  total  distance  of 
the  MCLP  model  exceeds  the  p-median  model  distance  by  72.46%,  the  hybrid  model 
distance  by  50%,  and  the  p-center  model  distance  by  28.03%.  The  p-center  model 
exceeds  the  distance  of  the  p-median  model  by  34.70%  and  the  hybrid  model  distance  by 
17.16%.  The  hybrid  model  distance  is  14.97%  beyond  the  p-median  model  distance.  In 
the  reduced  data  set,  the  MCLP  model  produces  a  total  distance  70.20%  longer  than  the 
p-median  model,  47.95%  longer  than  the  hybrid  model,  and  26.26%  beyond  the  p-center 
model  distance.  The  p-center  model  distance  exceeds  that  of  the  p-median  model  by 
34.80%  and  is  17.17%  greater  than  the  hybrid  model  distance.  The  hybrid  model  has  a 
distance  15.04%  greater  than  the  p-median  model. 

The  all  staging  areas  solution  in  the  full  data  set  shows  the  maximum  distance  any 
Fire  Team  is  located  from  a  penetrated  LF  is  43.22%  longer  in  the  MCLP  model  than  in 
the  p-center  and  hybrid  models  and  the  p-median  model  exceeds  the  p-center  and  hybrid 
model  distance  by  47.80%.  The  p-median  model  also  exceeds  the  MCLP  model  distance 
by  3.19%.  The  p-median  model  distance  in  the  reduced  data  set  is  47.76%  beyond  the  p- 
center  and  hybrid  model  distances  and  6.96%  higher  than  the  MCLP  model  distance.  The 
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MCLP  model  has  a  distance  38.15%  above  the  p-center  and  hybrid  model  distances. 
The  all  staging  areas  solutions  are  shown  below  in  Table  10. 


Table  10.  All  Staging  Areas  Solution  Comparison,  Data  Sets  with  Reduced  Fire 

Teams 


All  Staging  Areas 

Full  Data  Set 

Reduced  Data  Set 

Usage 

EBB 

[B 

Usage 

Response  time 

UMHUittllW 

[j® 

MCLP 

ISM 

tJftillHiEI 

95.73  miles 

18.49  miles 

2 

88.89% 

20.67  mins. 

98.12  miles 

18.54  miles 

2 

p-median 

99,37% 

10.52  mins. 

55.51  miles 

19.08  miles 

None 

100.00% 

10.92  mins. 

57.65  miles 

19.83  miles 

— 

p-center 

99,37% 

14,60  mins. 

74.77  miles 

12.91  miles 

None 

100.00% 

15.17  mins. 

77.71  miles 

13.42  miles 

■M&l 

99,37% 

12,06  mins. 

63.82  miles 

12.91  miles 

None 

100.00% 

12.53  mins. 

66.32  miles 

13.42  miles 

MiM 

Percentage  of  Improvement 

Percentage  of  Improvement 

MCLP  vs,  p-median 

EH 

mimm  1 

72,46% 

3.19% 

•2 

1 

f 

6.96% 

•2 

MCLP  vs,  p-center 

•43.22% 

•2 

11.11% 

•36.26% 

•26.26% 

•38.15% 

•2 

.'l»liniiWV;7 

EH 

3.19% 

•2 

KH 

■47.95% 

•38.15% 

•2 

p-median  vs,  p-center 
p-median  vs.  Hybrid 

38.78% 

34.70% 

mmm 

— 

38.92% 

14.64% 

14.97% 

iCHB 

N/A 

14.74% 

■mmw 

•21.06% 

•17.16% 

MMf 

— 

■21.07% 

•17.17% 

fi 

— 

MCLP  Model,  Full  Data  Set  w/  Reduced  Maximum  Distance 

The  reduced  maximum  distance  in  this  data  set  and  its  companion  reduced  data 
set  only  affect  the  solutions  for  the  MCLP  model.  The  p-median,  p-center,  and  hybrid 
models  retain  the  same  solutions  as  in  the  original  data  set  comparison.  Therefore,  only 
the  MCLP  model  and  the  four  model  comparisons  are  of  renewed  interest.  In  this  data 
set,  the  MAF  only  staging  areas  Fire  Team  utilization  of  85.78%  %  is  6.89%  lower  than 
the  all  staging  areas  utilization  of  92.67%.  The  MAF  only  staging  areas  average  response 
time  of  10.27  minutes  is  only  3.32%  greater  than  the  all  staging  areas  time  of  9.94 
minutes.  The  maximum  average  response  time  in  the  all  staging  areas  solution  is  13.43 
minutes,  with  a  minimum  average  response  time  of  7.17  minutes.  The  MAF  only  staging 
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areas  solution  has  a  maximum  average  response  time  of  12.82  minutes  and  a  minimum 
average  of  8.21  minutes. 

The  MAF  only  staging  areas  average  total  distance  of  34.98  miles  is  actually 
19.60%  lower  than  the  all  staging  areas  distance  of  43.5 1  miles.  A  maximum  value  of 
80.25  miles  appears  in  the  all  staging  areas  solution,  as  well  as  a  minimum  value  of  13.65 
miles.  The  maximum  value  in  the  MAF  only  staging  areas  solution  is  56.74  miles  and 
the  minimum  value  is  15.79  miles.  The  average  maximum  distance  any  Fire  Team  is 
located  from  a  penetrated  LF  is  also  5.3 1%  lower  in  the  MAF  only  staging  areas  solution 
with  8.92  miles  versus  9.42  miles  in  the  all  staging  areas  solution.  The  all  staging  areas 
solution  presents  a  maximum  distance  of  9.99  miles  and  a  minimum  of  6.91  miles.  The 
maximum  value  in  the  MAF  only  staging  areas  solution  is  9.98  miles  and  the  minimum  is 
6.33  miles.  In  this  data  set,  twenty-seven  scheduled  penetrated  LFs  are  not  covered  in  the 
all  staging  areas  solution  and  an  astounding  103  of  375  are  left  uncovered  in  the  MAF 
only  staging  areas  solution,  an  increase  of  seventy  six  over  the  all  staging  areas  solution. 
Comparison  of  these  MCLP  model  results  are  shown  below  in  Table  11. 


Table  11.  Full  Data  Set  with  Reduced  Maximum  Distance 


All  Staqinq  Areas  | 

Total  Distance 

MaxDistance 

Uncovered 

MCLP 

92.67% 

9.94  mins. 

43.51  miles 

9.42  miles 

27 

MAF  Only  Staqinq  Areas  j 

MCLP 

85.78% 

10.27  mins. 

34.98  miles 

8.92  miles 

103  ! 

Percentaqe  Chanqe  of  MAF  Only  Solution  j 

MCLP 

-6.89% 

3.32% 

-19.60% 

-5.31  % 

_ 76 _ 1 
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Four  Model  Comparison,  Full  Data  Set  w/  Reduced  Maximum  Distance 

The  basis  for  comparison,  once  again,  is  percentage  of  available  Fire  Teams  used, 
average  response  time,  average  total  distance,  and  average  maximum  distance  any  Fire 
Team  is  located  from  a  penetrated  LF.  Because  the  values  when  comparing  the  p- 
median,  p-center,  and  hybrid  models  to  each  other  remain  the  same  as  the  original  data 
set,  only  the  comparisons  between  the  MCLP  model  and  these  other  three  models  are 
pertinent  in  this  analysis.  The  p-median,  p-center,  and  hybrid  models  utilize  97.84%  of 
the  available  Fire  Teams  in  the  all  staging  areas  solution.  The  MCLP  model  utilizes 
5.17%  fewer  available  Fire  Teams  in  this  solution  with  92.67%.  The  MCLP  model 
utilization  rate  of  85.78%  in  the  MAF  only  staging  areas  solution  is  12.06%  less  than  the 
p-median  and  hybrid  model  rates  of  97.84%  and  5.17%  less  than  the  p-center  model  rate 
of  90.52%.  In  the  all  staging  areas  solution,  the  MCLP  model  leaves  twenty-seven 
penetrated  LFs  uncovered,  which  is  27  more  than  the  other  models  which  cover  all 
scheduled  penetrated  LFs.  The  MCLP  model  in  the  MAF  only  staging  areas  solution  is 
unable  to  cover  one  hundred  three  scheduled  penetrated  LFs,  which  is  one  hundred  three 
more  than  the  other  models. 

The  MCLP  model  average  response  time  of  9.94  minutes  in  the  all  staging  areas 
solution  exceeds  the  p-median  model  time  by  102.03%,  the  hybrid  model  time  by 
72.27%,  and  the  p-center  model  time  by  28.59%.  The  MAF  only  staging  areas  solution 
times  are  counterintuitive  due  to  the  number  of  scheduled  penetrated  LFs  left  uncovered. 
The  MCLP  model  average  response  time  of  10.27  minutes  is  20.55%  less  than  the  p- 
median  model  time,  23.76%  less  than  the  hybrid  model  time,  and  30.87%  less  than  the  p- 
center  model  time.  The  average  total  distance  in  the  MCLP  model  of  43.5 1  miles 
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exceeds  the  p-median  distance  by  50.92%  and  the  hybrid  model  distance  by  28.92%,  but 
is  actually  0.99%  less  than  the  p-center  model  distance  in  the  all  staging  areas  solution. 
The  MCLP  model  produces  a  MAF  only  staging  areas  average  total  distance  of  34.98 
miles.  The  p-median  model  exceeds  this  distance  by  71.33%,  the  hybrid  model  exceeds 
it  by  78. 13%,  and  the  p-center  model  exceeds  it  by  90.25%.  In  the  all  staging  areas 
solution,  the  MCLP  model  distance  of  9.42  miles  exceeds  the  p-center  and  hybrid  model 
distances  by  29.04%  but  is  16.24%  below  the  p-median  model  distance.  In  the  MAF  only 
staging  areas  solution,  the  MCLP  model  produces  the  lowest  average  maximum  distance 
any  Fire  Team  is  located  from  a  penetrated  LF  with  8.92  miles.  The  p-median  model 
extends  this  distance  by  45.52%  and  the  p-center  and  hybrid  model  distances  are  40.47% 
greater  than  the  MCLP  model  distance.  These  results  appear  in  Table  12  below. 


Table  12.  Four  Model  Comparison,  Full  Data  Set  with  Reduced  Maximum  Distance 


All  Staging  Areas 

IAF  Only  Staging  Areas 

Usage 

Response  time 

Total  Distance 

MaxDistance 

Uncovered 

Usage 

Response  time 

Total  Distance 

lax  Distance 

Uncovered 

MCLP 

92.67% 

9.94  mins. 

13.51  miles 

942  miles 

2/ 

85.76% 

10.27  mins. 

3(98  miles 

8.92  miles 

103 

p-median 

97.84% 

(92  mins. 

26.63  miles 

10.95  miles 

None 

97.84% 

12.38  mins. 

59.93  miles 

12.98  miles 

None 

p-center 

97.84% 

7.73  mins. 

13.91  miles 

7.30  miles 

None 

90.52% 

1341  mins. 

66.55  miles 

12.53  miles 

None 

97.84% 

5.76  mins. 

33.75  miles 

7.30  miles 

None 

97,84% 

12.71  mins. 

62.31  miles 

12.53  miles 

None 

Percentage  of  Improvement 

Percentage  of  Improvement 

MCLP  vs.  p-median 

5.1/% 

■102.03% 

■50.92% 

16.21% 

■2/ 

12.06% 

20.55% 

71.33% 

15.52% 

■103 

MCLP  vs.  p-center 

5.1/% 

■28.59% 

0.99% 

■29.01% 

■27 

(71% 

30.87% 

90.25% 

1047% 

■103 

MCLP  vs,  Hybrid 

5.1/% 

■72.57% 

■28.92% 

■29.01% 

■2/ 

12.06% 

23.76% 

78.13% 

1047% 

■103 

MCLP  Model,  Reduced  Data  Set  w/  Reduced  Maximum  Distance 

In  this  reduced  data  set,  the  MAF  only  staging  areas  solution  values  remain  the 
same  as  the  full  data  set  and  only  the  percentage  difference  is  shown  here.  The  MAF 
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only  staging  areas  solution  requires  1 1.99%  fewer  Fire  Teams  than  the  all  staging  areas 
solution  of  97.77%.  The  MAF  only  staging  areas  average  response  time  is  1.932% 
longer  than  the  all  staging  areas  solution  time  of  9.87  minutes.  For  the  all  staging  areas 
solution,  the  maximum  average  response  time  is  13.43  minutes  and  the  minimum  is  7.17 
minutes.  The  MAF  only  staging  areas  average  total  distance  is  21.59%  less  than  the  all 
staging  areas  distance  of  48.36  miles,  which  has  a  maximum  distance  of  80.25  miles  and 
a  minimum  of  27.76  miles.  The  MAF  only  staging  areas  solution  also  produces  a  4.77% 
lower  average  maximum  Fire  Team  distance  than  the  9.42  miles  in  the  all  staging  areas 
solution.  The  maximum  distance  any  Fire  Team  is  located  from  a  penetrated  LF  is  9.99 
miles  with  a  minimum  of  6.91  miles.  In  this  data  set,  the  number  of  scheduled  penetrated 
LFs  left  uncovered  remains  the  same  in  the  all  staging  areas  solution,  so  the  difference 
from  the  MAF  only  staging  areas  solution  is  also  the  same.  These  results  are  shown 
below  in  Table  13. 


Table  13.  Reduced  Data  Set  with  Reduced  Maximum  Distance 


All  Staging  Areas  j 

Total  Distance 

MaxDistance 

Uncovered 

MCLP 

97.77% 

9.87  mins. 

48.36  miles 

9.42  miles 

27 

MAF  Only  Staging  Areas  | 

MCLP 

85.78% 

10.27  mins. 

34.98  miles 

8.92  miles 

103  | 

Percentage  Change  of  MAF  Only  Solution  j 

MCLP 

-1 1 .99% 

4.05% 

-38.25% 

-5.31  % 

_ 2 _ 1 

Four  Model  Comparison,  Reduced  Data  Set  w/  Reduced  Maximum  Distance 

Once  again,  the  reduced  data  set  only  affects  the  parameters  in  the  all  staging 
areas  solution  and  only  those  values  are  shown.  As  in  the  full  data  set,  only  the 
comparisons  between  the  MCLP  model  and  the  other  three  model  types  are  pertinent  in 
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this  analysis.  In  this  reduced  data  set,  the  p-median,  hybrid,  and  p-center  models  deploy 
all  of  the  available  Fire  Teams  in  the  all  staging  areas  solution.  The  MCLP  model 
utilizes  2.23%  fewer  available  Fire  Teams  with  97.77%.  The  MCLP  model  is  unable  to 
cover  twenty  seven  of  the  scheduled  penetrated  LFs,  which  is  twenty  seven  more  than  the 
other  models. 

The  MCLP  model  average  response  time  is  55.19%  greater  than  the  p-median 
model  time,  32.46%  greater  than  the  hybrid  model  time,  but  1.32%  lower  than  the  p- 
center  model  time.  The  MCLP  model  average  total  distance  of  48.36  miles  is  29.76% 
longer  than  the  p-median  model  distance,  10.84%  greater  than  the  hybrid  model  distance, 
and  17.45%  less  than  the  p-center  model  distance. 

With  the  addition  of  the  ten-mile  maximum  distance  constraint,  the  MCLP  model 
has  the  lowest  average  maximum  distance  any  Fire  Team  is  located  from  a  penetrated  LF. 
The  p-median  model  distance  in  the  all  staging  areas  solution  category  is  50.32%  greater 
than  the  MCLP  model  distance,  while  both  the  p-center  and  hybrid  model  distances  are 
only  0.21%  greater.  These  results  are  shown  below  in  Table  14. 


Table  14.  Four  Model  Comparison,  Reduced  Data  Set  with  Reduced  Maximum 

Distance 


All  Staqinq  Areas  | 

Total  Distance 

MaxDistance 

Uncovered 

MCLP 

97.77% 

9.87  mins. 

48.36  miles 

9.42  miles 

27 

p-median 

100.00% 

6.36  mins. 

37.27  miles 

14.16  miles 

None 

p-center 

100.00% 

10  mins. 

56.80  miles 

9.44  miles 

None 

Hybrid 

100.00% 

7.45  mins. 

43.63  miles 

9.44  miles 

None 

Percentaqe  of  Improvement  j 

2.23% 

-55.19% 

-29.76% 

50.32% 

-27 

2.23% 

1 .32% 

17.45% 

0.21% 

-27 

2.23% 

-32.48% 

-10.84% 

0.21% 

-27 

Comparison  of  Data  Sets  w/  Reduced  Maximum  Distance 

No  comparison  between  the  data  sets  is  required  in  the  MAF  only  staging  areas 
solution  since  all  values  remain  the  same.  These  data  sets  for  the  all  staging  areas 
solution  have  the  same  number  of  zero  response  time  days  removed  as  the  original  data 
set.  The  p-median,  p-center,  and  hybrid  models  retain  the  same  solutions  as  the  original 
data  set,  but  the  more  restrictive  nature  of  a  ten-mile  maximum  distance  has  a  great 
impact  on  the  MCLP  model,  especially  regarding  the  number  of  uncovered,  penetrated 
LFs.  The  percentage  of  Fire  Teams  used  in  the  all  staging  areas  solution  of  the  full  data 
set  is  5.17%  lower  in  the  MCLP  model  than  the  p-median,  p-center,  and  hybrid  models. 
The  difference  becomes  2.23%  in  the  reduced  data  set.  Both  the  full  and  reduced  data  set 
MCLP  model  solution  leaves  twenty-seven  scheduled  penetrated  LFs  uncovered. 

The  MCLP  model  average  response  time  exceeds  the  p-median  model  time  by 
102.03%,  the  hybrid  model  time  by  72.57%,  and  the  p-center  model  time  by  28.59%  in 
the  full  data  set.  In  the  reduced  data  set,  the  MCLP  model  average  response  time  is 
55.19%  above  the  p-median  model  time  and  32.48%  longer  than  the  hybrid  model  time. 
The  p-center  model  time  is  actually  1 .32%  greater  than  the  MCLP  model  time  in  this 
reduced  data  set. 

The  MCLP  model  average  total  distance  is  50.92%  greater  than  the  p-median 
model  distance  and  28.92%  greater  than  the  hybrid  model  distance  in  the  full  data  set. 

The  p-center  model  distance  exceeds  the  MCLP  model  distance  by  0.99%  in  the  full  data 
set.  The  reduced  data  set  shows  the  MCLP  model  average  total  distance  exceeds  the  p- 
median  model  distance  by  29.76%  and  the  hybrid  model  distance  by  10.84%.  The  p- 
center  model  distance  is  17.45%  beyond  that  of  the  MCLP  model. 
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The  MCLP  model  average  maximum  distance  any  Fire  Team  is  located  from  a 
penetrated  LF  in  the  full  data  set  is  29.04%  longer  than  the  p-center  and  hybrid  model 
distances,  but  the  p-median  model  distance  is  16.24%  greater  than  the  MCLP  model 
distance.  The  reduced  data  set  shows  the  p-median  model  distance  exceeds  the  MCLP 
model  by  50.32%  and  the  p-center  and  hybrid  models  exceed  the  MCLP  distance  by  an 
inconsequential  0.21%.  The  all  staging  areas  solutions  are  shown  below  in  Table  15. 


Table  15.  All  Staging  Areas  Solution  Comparison,  Data  Sets  with  Reduced 

Maximum  Distance 


All  Staging  Areas 

Full  Data  Set 

I 

Reduced  Data  Set 

HI 

Response  time 

Total  Distance 

MaxDistance 

Uncovered 

nm 

BBS 

MCLP 

92.67% 

9.94  mins. 

43.51  miles 

9.42  miles 

27 

97.77% 

9.87  mins. 

48.36  miles 

9.42  miles 

27 

p-median 

97.64% 

4.92  mins. 

28.83  miles 

10.95  miles 

None 

100,00% 

6.36  mins. 

37.27  miles 

14.16  miles 

None 

p-center 

97  84% 

7.73  mins. 

43.94  miles 

7.30  miles 

None 

100.00% 

lifliiaRl: 

— 

97.84% 

5.76  mins. 

33.75  miles 

7.30  miles 

None 

BiliW 

7.45  mins. 

43.63  miles 

Percentage  of  Improvement 

Percentage  of  Improvement 

MCLP  vs.  p  median 

5.17% 

-102.03% 

■50.92% 

16.24% 

■27 

2.23% 

■55.19% 

•29.76% 

50.32% 

■27 

5:1/'% 

•29.04% 

■27 

2.23% 

1.32% 

17.45% 

0.21% 

■27 

i 

5.17% 

-72.57% 

■28.92% 

-29.04% 

■27 

2.23% 

■32.48% 

■liliMI 

0.21% 

■27 

Comparison  of  All  Data  Sets 

MAF  only  staging  areas  comparisons  are  only  applicable  to  the  full  data  sets  of 
each  type.  Reducing  the  number  of  Fire  Teams  has  an  impact  on  the  effect  of  the 
parameters  in  the  all  staging  areas  solution  of  the  p-median,  p-center,  and  hybrid  models. 
This  effect  is  seen  to  a  lesser  degree  in  the  MAF  only  staging  areas  solution.  This 
reduction  in  the  number  of  Fire  Teams  has  a  minor  impact  on  the  parameters  of  the 
MCLP  model,  except  in  Fire  Team  usage  and  the  number  of  scheduled  penetrated  LFs 
left  uncovered. 
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The  MCLP  model  still  utilizes  the  lowest  percentage  of  Fire  Teams  in  the  data  set 
with  reduced  Fire  Teams,  but  these  percentages  increase  over  the  original  full  data  set  by 
21.67%  in  the  all  staging  areas  solution  and  17.38%  in  the  MAF  only  staging  areas 
solution.  In  the  reduced  data  set,  the  percentage  increase  in  the  all  staging  areas  solution 
over  the  original  data  set  is  17.94%.  The  number  of  scheduled  penetrated  LFs  left 
uncovered  in  the  all  staging  areas  solution  of  both  the  full  and  reduced  data  sets  increase 
by  two  over  the  original  data  set  and  the  MAF  only  staging  areas  solution  shows  an 
increase  of  twenty  five  uncovered  scheduled  penetrated  LFs  in  the  full  data  set  over  the 
original  value  of  three. 

The  p-median  model  maintains  the  lowest  average  response  time  in  the  full  and 
reduced  data  sets  with  reduced  Fire  Teams  of  both  solution  types.  This  time  increases  by 
1 13.82%  over  the  original  value  in  the  all  staging  areas  solution  of  the  full  data  set  and  by 
71.70%  in  the  reduced  data  set.  The  percentage  increase  in  the  MAF  only  staging  areas 
solution  is  much  lower  with  22.94%  in  the  full  data  set. 

The  p-median  model  in  this  data  set  with  reduced  Fire  Teams  produces  the  lowest 
average  total  distance  in  the  all  staging  areas  solution  of  the  full  and  reduced  data  sets, 
but  arrives  at  slightly  higher  values  than  the  MCLP  model  in  the  MAF  only  staging  areas 
solution.  The  all  staging  areas  solution  increases  by  92.54%  over  the  original  value  in  the 
full  data  set  and  by  54.68%  in  the  reduced  data  set.  Smaller  increases  are  again  seen  in 
the  MAF  only  staging  areas  solution  with  25.50%  in  the  full  data  set. 

The  p-center  and  hybrid  models  retain  the  lowest  average  distance  any  Fire  Team 
is  located  from  a  penetrated  LF  in  the  all  staging  areas  solution  with  reduced  Fire  Teams, 
but  are  bested  by  the  MCLP  model  in  the  MAF  only  staging  areas  solution.  The  full  data 
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set  shows  a  76.85%  increase  over  the  original  distance  in  the  all  staging  areas  solution 
and  the  reduced  data  set  with  this  solution  shows  a  42.16%  increase.  The  MAF  only 
staging  areas  parameters  increase  over  the  original  distance  is  36.63%  in  the  full  data  set. 

The  data  set  with  reduced  maximum  distance  only  changes  the  values  in  the 
MCLP  model;  the  p-median,  p-center,  and  hybrid  models  retain  their  original  parameter 
values.  In  the  all  staging  areas  full  data  set  solution,  Fire  Team  usage  increases  by 
26.29%  over  the  original  data  set  and  by  26.82%  in  the  reduced  data  set  for  this  solution 
type.  The  number  of  scheduled  penetrated  LFs  uncovered  increases  by  27  over  the 
original  value  of  zero  in  both  the  full  and  reduced  data  sets.  The  MAF  only  staging  areas 
solution  shows  an  8.19%  increase  in  Fire  Team  usage  over  the  original  value  in  the  full 
data  set.  An  enormous  increase  is  seen  in  the  full  data  set  for  this  solution  type  in  the 
number  of  scheduled  penetrated  LFs  uncovered,  with  an  increase  of  one  hundred  three  in 
the  full  data  set. 

The  MCLP  model  in  the  data  set  with  reduced  maximum  distance  does  show 
improvement  in  average  response  time,  average  total  distance,  and  average  maximum 
distance  any  Fire  Team  is  located  form  a  penetrated  LF.  These  improvements,  as  seen 
above,  come  at  a  high  cost  of  canceling  maintenance  activities.  Average  response  times 
in  the  all  staging  areas  solution  improve  over  the  original  times  by  52.05%  in  the  full  data 
set  and  5 1.55%  in  the  reduced  data  set.  These  times  also  improve  in  the  MAF  only 
staging  areas  solution  by  37.26%  in  the  full  data  set.  The  average  total  distance 
improvement  over  the  original  distance  is  55.09%  in  the  all  staging  areas  solution  of  the 
full  data  set  and  55.21%  in  the  reduced  data  set.  The  MAF  only  staging  areas  solution 
shows  a  similar  improvement  percentage  with  55.33%  in  the  full  data  set.  The  average 
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maximum  distance  any  Fire  Team  is  located  from  a  penetrated  LF  is  reduced  by  49. 19% 
over  the  original  value  in  the  all  staging  areas  solution  of  the  full  data  set  and  by  49.57% 
in  the  reduced  data  set.  The  improvement  in  the  MAF  only  staging  areas  solution  is 
46.94%  in  the  full  data  set. 

The  data  set  with  reduced  maximum  distance  has  similar  differences  when 
comparing  it  to  the  data  set  with  reduced  Fire  Teams.  In  the  all  staging  areas  solution, 
Fire  Team  usage  increases  by  4.62%  over  the  reduced  Fire  Teams  usage  in  the  full  data 
set  and  by  8.88%  in  the  reduced  data  set.  The  MAF  only  staging  areas  solution  shows  a 
decrease  in  usage  of  9.19%  in  the  full  data  set.  The  number  of  scheduled  penetrated  LFs 
uncovered  increases  by  25  in  the  all  staging  areas  solutions  of  the  full  and  reduced  data 
sets.  The  MAF  only  staging  areas  increase  in  uncovered  penetrated  LFs  is  seventy  five  in 
the  full  data  set. 

Both  distance  parameters  and  average  response  time  again  show  improvement  in 
this  comparison.  The  average  response  time  decrease  from  the  reduced  Fire  Teams  data 
set  is  5 1 .96%  in  the  full  data  set  with  the  all  staging  areas  solution  and  52.25%  in  the 
reduced  data  set.  The  MAF  only  staging  areas  solution  conveys  a  37.34%  improvement 
in  the  full  data  set.  The  average  total  distance  improves  by  54.55%  in  the  all  staging 
areas  solution  for  the  full  data  set  and  by  50.71%  in  the  reduced  data  set.  Similarly,  the 
MAF  only  staging  areas  solution  shows  a  5 1 .71%  improvement  in  the  full  data  set.  The 
average  distance  any  Fire  Team  is  located  from  a  penetrated  LF  improves  in  the  full  data 
set  with  the  all  staging  areas  solution  by  49.05%  over  the  reduced  Fire  Teams  figure  and 
by  49.26%  in  the  reduced  data  set.  The  MAF  only  staging  areas  solution  shows  a  46.36% 
improvement  in  the  full  data  set. 
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Table  16,  below,  compares  both  the  data  set  with  reduced  Fire  Teams  and  the 
data  set  with  reduced  maximum  distance  to  the  original  data  set  in  the  all  staging  areas 
solution  of  the  full  and  reduced  data  sets.  Table  17  follows  and  displays  the  same 
comparison,  for  the  full  data  set  only,  in  the  MAF  only  staging  areas  solution.  These 
tables  also  display  the  differences  between  the  data  set  with  reduced  Fire  Teams  and  the 
data  set  with  reduced  maximum  distance. 


Table  16.  All  Staging  Areas  Solution  Comparison  between  Data  Set  Types 


Original  Data  Sets 

All  Staqinq  Areas 

Full  Data  Set 

Reduced  Data  Set 

Usaqe 

Response  time 

Total  Distance 

MaxDistance 

Uncovered 

itbtti 

Distance 

Uncovered 

MCLP 

66.38% 

20  73  mins. 

96  88  miles 

18.54  miles 

None 

70.95% 

20.37  mins. 

107.97  miles 

18.68  miles 

None 

97.84% 

4.92  mins. 

28.83  miles 

10.95  miles 

None 

100.00% 

6.36  mins. 

37.27  miles 

14.16  miles 

None 

97.84% 

7.73  mins. 

43.94  miles 

7.30  miles 

None 

100.00% 

10  mins. 

56.80  miles 

9.44  miles 

None 

97.84% 

5.76  mins. 

33.75  miles 

7.30  miles 

None 

100.00% 

7.45  mins. 

43.63  miles 

9.44  miles 

None 

Data  Sets  wi 

th  Reduced  Fire  Teams 

All  Staqinq  Areas 

Full  Data  Set 

Reduced  Data  Set 

Usaqe 

Response  time 

Total  Distance 

MaxDistance 

Uncovered 

Usaqe 

Response  time 

MaxDistance 

Uncovered 

MCLP 

88.05% 

20  69  mins. 

95  79  miles 

18  49  miles 

2 

88  89% 

20  67  mins 

98.12  miles 

18.54  miles 

2 

HI 

99.37% 

10.52  mins. 

55.51  miles 

19.08  miles 

None 

100.00% 

10.92  mins. 

57.65  miles 

19.83  miles 

None 

99.37% 

14.60  mins. 

74.77  miles 

12.91  miles 

None 

100.00% 

15.17  mins. 

77.71  miles 

13.42  miles 

None 

Hybrid 

99.37% 

12.06  mins. 

63.82  miles 

12.91  miles 

None 

100.00% 

12.53  mins. 

66.32  miles 

13.42  miles 

None 

Percentaqe  Chanqe  from  Orit 

inal  Data  Set 

Percentaqe  Chanqe  from  Oriqinal  Data  Set 

MCLP 

21.67% 

-0.19% 

-1.19% 

-0.27% 

2 

17.94% 

-1.47% 

-9.12% 

-0.75% 

2 

p-rnedian 

1.53% 

113.82% 

92.54% 

74.25% 

iis 

... 

71.70% 

54.68% 

40.04% 

1.53% 

88.87% 

70.16% 

76.85% 

... 

51.70% 

36.81  % 

42.16% 

Hybrid 

1.53% 

109.38% 

89.10% 

76.85% 

68.19% 

52.01% 

42.16% 

■id 

Data  Sets  with  Reduced  Maximum  Distance 

All  Staqinq  Areas 

Full  Data  Set 

Reduced  Data  Set 

Usaqe 

Response  time 

Total  Distance 

MaxDistance 

Uncovered 

TTTffl 

Response  time 

Total  Distance 

MaxDistance 

Uncovered 

MCLP 

92.67% 

9.94  mins. 

43.51  miles 

9.42  miles 

27 

97.77% 

9.87  mins. 

48.36  miles 

9.42  miles 

27 

p-median 

97.84% 

4.92  mins. 

28.83  miles 

10.95  miles 

None 

100.00% 

6.36  mins. 

37.27  miles 

14.16  miles 

None 

97.84% 

7.73  mins. 

43.94  miles 

7.30  miles 

None 

100.00% 

10  mins. 

56.80  miles 

9.44  miles 

None 

Hybrid 

97.84% 

5.76  mins. 

33.75  miles 

7.30  miles 

None 

100.00% 

7.45  mins. 

43.63  miles 

9.44  miles 

None 

Percentaqe  Chanqe  from  Oriqinal  Data  Set 

Percentaqe  Chanqe  from  Oriqinal  Data  Set 

MCLP 

26.29% 

-52.05% 

-55.09% 

-49.19% 

27 

26.82%  -51.55% 

-55.21%  -49.57%  27 

Percentaqe  Chanqe  from  Data  Set  w/  Reduced  Fire  Teams 

Percentaqe  Chanqe  from  Data  Set  w/  Reduced  Fire  Teams 

MCLP 

4.62% 

-51.96% 

-54.55% 

-49.05% 

25 

8.88%  -52.25% 

-50.71%  -49.26%  25 
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Table  17.  MAF  Only  Staging  Areas  Solution 
Comparison  between  Data  Set  Types 


Original  Data  Set 

MAF  Only  Staging  Areas 

S?!!l 

Total  Distance 

Max  Distance 

Uncovered 

MCLP 

77.59% 

16.37  mins. 

78.30  miles 

16.81  miles 

3 

p  median 

97.84% 

12.38  mins. 

59.93  miles 

12.98  miles 

None 

p -center 

90.52% 

13.44  mins. 

66.55  miles 

12.53  miles 

None 

97.84% 

12.71  mins. 

62.31  miles 

12.53  miles 

None 

Data  Set  w/ 1 

deduced  Fire  Teams 

MAF  Only  Staging  Areas 

Total  Distance 

Max  Distance 

Uncovered 

MCLP 

94.97% 

16.39  mins. 

72.43  miles 

16.63  miles 

28 

p-median 

99.37% 

15.22  mins. 

75.21  miles 

19.05  miles 

None 

p -center 

98.11% 

17.38  mins. 

87.24  miles 

17.12  miles 

None 

liBITlf  1 

99.37% 

16.33  mins. 

81 .80  miles 

17.12  miles 

None 

Percentage  Change  from  Origina 

1  Data  Set 

MCLP 

17.38% 

0.12% 

-7.50% 

-1 .07% 

25 

p-median 

1 .53% 

22.94% 

25.50% 

46.76% 

N/A 

p -center 

7.59% 

29.32% 

31.09% 

36.63% 

N/A 

l!W!BPWai 

1 .53% 

28.48% 

31 .28% 

36.63% 

N/A 

Data  Setw/  Reduced  Maximum  Distance 

MCLP  |85.78% 

10.27  mins. 

34.98  miles 

8.92  miles 

103 

Percentage  Change  from  Original  Data  Set 

MCLP  |  8.19% 

-37.26% 

-55.33% 

-46.94% 

100 

Percentage  Change  from  Data  Set  w/  Reduced  Fire  Teams 

MCLP  |-9.19% 

-37.34% 

-51 .71  % 

-46.36% 

_ 2 _ 1 

Summary 

This  chapter  presents  the  analysis  of  the  data  and  the  comparisons  within  and 
between  model  types.  This  comparison  occurs  with  two  different  data  sets,  the  original 
data  set  and  a  reduced  data  set  that  removes  the  days  from  the  models  that  had  fewer  or 
the  same  number  of  scheduled  penetrated  LFs  as  Fire  Teams  available.  Chapter  V 
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includes  discussion  of  this  analysis  and  applicable  conclusions  derived  from  the  analysis. 
Final  recommendations  and  suggestions  for  future  research  also  appear  in  Chapter  V. 
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V.  Discussion,  Conclusions,  and  Recommendations 


Introduction 

This  chapter  discusses  relevant  extrapolations  from  the  analysis  of  the  results  of 
the  four  different  model  types.  The  conclusions  and  recommendations  resulting  from  this 
research  are  pertinent  only  to  F.E.  Warren  AFB  but  can  be  applied  to  other  units  by 
incorporating  the  pertinent  data  from  those  units.  These  conclusions  are  based  on  the 
data  analyzed  and  could  conceivably  change  with  a  different  data  set  and/or  with  a 
change  to  the  previously  stated  assumptions.  Suggestions  for  future  research  identify 
possibilities  to  improve  response  times  even  further.  Screenshots  of  Excel®  model 
outputs  are  shown  for  each  model  type  and  data  set  in  Appendix  B  through  Appendix  S. 

Model  Choice 

The  choice  of  which  model  to  employ  is  dependent  upon  management  objectives. 
If  the  true  objective  is  the  minimum  response  time,  the  model  that  fulfills  that  objective  is 
the  clear  choice  for  use.  This  same  objective  will  minimize  the  average  total  distance. 
Overall,  the  p-median  model  reports  the  lowest  response  times  and  lowest  average  total 
distance  in  all  data  sets  except  the  MAF  only  staging  areas  solution  of  the  data  set  with 
reduced  maximum  distance.  In  this  data  set,  the  MCLP  provides  the  lowest  response 
time,  but  at  the  high  cost  of  not  covering  one  hundred  three  of  three  hundred  seventy  five 
scheduled  penetrated  LFs.  This  would  lead  to  cancelled,  or  at  least  postponed, 
maintenance  activities.  Strict  maximum  response  times  may  dictate  another  model 
choice,  but  this  may  come  at  the  expense  of  completing  all  scheduled  maintenance 
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actions,  and  will  not  guarantee  optimal  response  times.  If  this  becomes  the  management 
objective,  the  MCLP  model  is  the  likely  choice.  This  model  will  provide  a  solution,  but 
does  not  guarantee  optimal  response  times.  Another  choice  this  research  provides  is  to 
minimize  the  maximum  distance  any  Fire  Team  is  from  a  scheduled  penetrated  LF.  The 
p-center  model  can  accomplish  this  but,  as  the  analysis  shows,  does  not  provide  the 
lowest  average  response  time  in  any  of  the  data  sets.  Finally,  the  hybrid  model  can  be 
chosen  if  the  objective  is  to  minimize  the  maximum  distance  any  Fire  Team  is  located 
from  a  scheduled  penetrated  LF  and  then  attempt  to  reduce  the  total  distance  and  average 
response  times. 

Minimum  Response  Time 

The  p-median  model  provides  an  average  response  time  in  the  original  full  data 
set  with  the  all  staging  areas  solution  of  4.92  minutes,  with  an  average  total  distance  of 
28.83  miles.  The  MAF  only  staging  areas  solution  in  this  data  set  produces  an  average 
response  time  of  12.38  minutes  with  an  average  total  distance  of  59.93  miles.  The 
reduced  data  set  produces  an  average  response  time  of  6.36  minutes,  with  an  average  total 
distance  of  37.27  miles.  These  times  and  distances  are  the  same  in  the  data  set  with 
reduced  maximum  distance  because  this  reduced  distance  has  no  effect  on  the  p-median, 
p-center,  or  hybrid  models.  The  data  set  with  reduced  Fire  Teams  produces  response 
times  in  the  all  staging  areas  solution  of  10.5 1  minutes  for  the  full  data  set,  with  an 
average  total  distance  of  55.49  miles,  and  10.92  minutes  in  the  reduced  data  set,  having 
an  average  total  distance  of  57.66  miles.  The  MAF  only  staging  areas  solution  has  an 
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average  response  time  of  15.22  minutes  and  an  average  total  distance  of  75.21  miles  in 
the  full  data  set. 

Predetermined  Maximum  Response  Time 

The  MCLP  model,  based  on  a  30-minute  maximum  response  time,  produces 
average  response  times  of  20.73  minutes  and  16.37  minutes  for  the  all  staging  areas 
solution  and  MAF  only  staging  areas  solution,  respectively,  in  the  original  full  data  set. 
The  all  staging  areas  solution  time  changes  to  20.37  minutes  in  the  original  reduced  data 
set.  This  model  produces  much  higher  average  response  times  than  the  other  three 
models  in  the  all  staging  areas  solution  and  nominally  higher  in  the  MAF  only  staging 
areas  solutions.  Available  Fire  Teams  are  less  taxed  in  this  model,  with  usage  in  the 
original  full  data  set  at  66.38%  for  the  all  staging  areas  solution  and  77.59%  for  the  MAF 
only  staging  areas  solution.  The  original  reduced  data  set  employs  70.95%  of  available 
Fire  Teams  for  the  all  staging  areas  solution.  This  lower  percentage  of  Fire  Team  usage 
also  means  each  Fire  Team  is  responsible  for  a  larger  area  of  coverage  than  in  the  other 
models  or  scheduled  penetrated  LFs  are  left  uncovered.  No  scheduled  penetrated  LFs  are 
left  uncovered  in  either  original  data  set  for  the  all  staging  areas  solution  but  three  are  left 
uncovered  in  the  MAF  only  staging  areas  solution  of  the  full  data  set. 

The  all  staging  areas  solution  of  the  full  data  set  with  reduced  Fire  Teams  shows  a 
slight  improvement  in  response  time  and  distance  to  20.69  minutes  and  95.73  miles,  with 
Fire  Team  usage  increasing  to  88.05%.  The  reduced  data  set  shows  a  slight  degrade  in 
response  times  with  an  improvement  in  total  distance  with  20.67  minutes  and  98. 12 
miles,  using  88.89%  of  available  Fire  Teams.  Both  data  sets  are  unable  to  cover  two 
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scheduled  penetrated  LFs.  The  MAF  only  staging  areas  solution  average  response  time 
increases  slightly  in  the  full  data  set  to  16.39  minutes  and  the  average  total  distance 
decreases  to  72.43  miles.  Fire  Team  usage  rises  to  94.97%  in  this  data  set.  The  MAF 
only  staging  areas  improvements  come  at  the  expense  of  twenty  eight  uncovered 
penetrated  LFs. 

Both  data  sets  with  reduced  maximum  distance  show  marked  improvement  in 
response  times  and  average  total  distance,  but  at  a  very  high  cost  in  maintenance 
performance.  These  improvements  should  be  apparent  since  the  maximum  distance  is 
reduced  to  ten  miles,  equating  to  a  maximum  response  time  of  fifteen  minutes.  The  all 
staging  areas  solution  of  the  full  data  set  shows  an  average  response  time  of  9.94  minutes 
with  an  average  total  distance  of  43.5 1  miles  and  92.67%  Fire  Team  usage.  The  reduced 
data  set  provides  a  similar  solution  with  9.87  minutes,  48.36  miles,  and  usage  at  97.77%. 
Both  data  sets  sacrifice  twenty  seven  scheduled  penetrated  LFs.  The  MAF  only  staging 
areas  solution  of  the  full  data  set  produces  an  average  response  time  of  10.27  minutes  and 
an  average  total  distance  of  34.98  miles.  Fire  Team  usage  is  at  85.78%  and  a  staggering 
one  hundred  three  scheduled  penetrated  LFs  remain  uncovered. 

Minimized  Maximum  Distance 

In  this  research,  the  p-center  and  hybrid  models  produce  an  average  maximum 
distance  of  any  Fire  Team  from  a  penetrated  LF  in  the  original  full  data  set  of  7.30  miles 
for  the  all  staging  areas  solution,  with  an  average  response  time  of  7.73  minutes,  and 
12.53  miles  in  the  MAF  only  staging  areas  solution,  with  an  average  time  of  13.44 
minutes.  The  original  reduced  data  set  produces  a  distance  of  9.44  miles  for  the  all 
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staging  areas  solution  with  an  average  response  time  of  10  minutes.  Again,  these  times 
and  distances  are  the  same  in  the  data  sets  with  reduced  maximum  distance.  The  full  data 
set  with  reduced  Fire  Teams  provides  distances  of  12.91  miles  in  the  all  staging  areas 
solution  and  17.12  miles  in  the  MAF  only  staging  areas  solution.  Average  response  times 
are  14.60  minutes  and  17.38  minutes,  respectively.  The  reduced  data  set  has  a  distance  of 
13.42  miles  in  the  all  staging  areas  solution  with  an  average  response  time  of  15. 17 
minutes. 

Multiple  Objectives 

The  hybrid  model  is  able  to  minimize  the  average  maximum  distance  of  any  Fire 
Team  from  a  scheduled  penetrated  LF  and  then  improve  the  total  distance  over  that  of  the 
p-center  model.  It  provides  the  same  distance  in  every  data  set  type  as  the  p-center 
model,  but  reduces  the  average  total  distance  and  average  response  time  over  the  entire 
data  set.  The  original  full  data  set  shows  the  hybrid  model  reduces  the  p-center  average 
total  distance  from  43.94  miles  to  33.75  miles  in  the  all  staging  areas  solution  and 
average  response  time  from  7.73  minutes  to  5.76  minutes.  The  MAF  only  staging  areas 
solution  shows  reductions  in  average  total  distance  from  66.55  miles  to  62.31  miles  and 
average  response  time  from  13.44  minutes  to  12.71  minutes.  The  original  reduced  data 
set  shows  improvement  in  the  all  staging  areas  solution  in  average  total  distance  from 
56.80  miles  in  the  p-center  model  to  43.63  miles  in  the  hybrid  model.  The  average 
response  time  reduces  from  10  minutes  to  7.45  minutes.  These  figures  remain  the  same 
in  the  data  set  with  reduced  maximum  distance. 
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The  data  sets  with  reduced  Fire  Teams  also  shows  marked  improvement  in 
average  total  distance  and  average  response  time  when  employing  the  hybrid  model  over 
the  p-center  model.  In  the  all  staging  areas  solution  of  the  full  data  set,  distance  is 
reduced  from  74.77  miles  to  63.82  miles  and  average  response  time  from  14.60  minutes 
to  12.06  minutes.  The  MAF  only  staging  areas  solution  has  reductions  in  average  total 
distance  from  87.24  miles  to  81.80  miles  and  average  response  time  from  17.38  minutes 
to  16.33  minutes.  The  reduced  data  set  has  improvements  in  the  all  staging  areas  solution 
from  77.71  miles  to  66.32  miles  for  average  total  distance  and  from  15.17  minutes  to 
12.53  minutes  for  average  response  time. 

Conclusions  and  Recommendations 

This  researcher  advocates  the  use  of  the  hybrid  model  utilizing  the  all 
staging  areas  solution.  This  solution  minimizes  the  “radius  of  responsibility”  for  Fire 
Teams  by  positioning  them  in  a  manner  that  minimizes  the  furthest  distance  from  a 
penetrated  LF,  and  then  seeks  the  lowest  overall  response  time.  This  model  delivers  only 
slightly  higher  response  times  than  the  p-median  model  but  prevents  extreme  distances 
between  Fire  Teams  and  penetrated  LFs,  as  shown  when  comparing  the  maximum 
distances  obtained  over  entire  data  sets  for  this  parameter.  The  maximum  distance  any 
Fire  Team  is  located  from  a  penetrated  LF  in  the  all  staging  areas  solution  of  the  original 
full  data  set  is  18.15  miles  in  the  hybrid  model  and  28.66  miles  in  the  p-median  model. 
The  MAF  only  staging  areas  solution  in  this  data  set  shows  the  maximum  distance  for  the 
hybrid  model  at  22.88  miles  and  25.34  miles  for  the  p-median  model.  The  reduced  Fire 
Teams  full  data  set  has  a  maximum  distance  in  the  all  staging  areas  solution  of  the  hybrid 
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model  at  21.57  miles  compared  to  33.36  miles  in  the  p-median  model.  The  MAF  only 
staging  areas  hybrid  model  maximum  distance  in  this  data  set  is  27.3 1  miles  and  36.38 
miles  for  the  p-median  model.  Use  of  this  model  requires  a  trade-off  of  positioning  Fire 
Teams  at  the  selected  staging  areas,  which  may  forego  the  creature  comforts  of  MAF 
positioning. 

The  p-median  model  can  be  considered  as  the  secondary  choice  if  the  only 
objective  is  to  minimize  average  response  times.  The  p-median  model  produces  the 
lowest  average  response  times  and  lowest  average  total  distance,  without  sacrificing  any 
scheduled  maintenance.  Comparing  it  with  the  results  from  the  MCLP  and  p-center 
models  shows  the  GRASP  heuristic  obtains,  at  minimum,  a  very  good  solution. 

The  p-center  model  may  be  used  to  prevent  any  single,  or  possibly  multiple, 
penetrated  LFs  from  exceeding  some  established  threshold  for  distance  from  a  Fire  Team. 
This  model  produces  good  average  response  times,  yet  still  exceeds  the  p-median  model 
times  by  just  over  57%  in  both  original  data  sets  and,  thus,  both  data  sets  with  reduced 
maximum  distance.  The  data  sets  with  reduced  Fire  Teams  show  the  p-center  solution 
has  at  least  51%  greater  response  times  in  the  all  staging  areas  solution  and  more  than 
27%  in  the  MAF  only  staging  areas  solutions.  The  hybrid  model  is  able  to  produce  better 
average  response  times  while  still  maintaining  the  maximum  distance  any  Fire  Team  is 
located  from  a  penetrated  LF  obtained  from  the  p-center  model  solution,  so  it  should  be 
considered  superior  to  a  p-center  model  solution. 

The  MCLP  model  should  only  be  utilized  in  an  iterative  manner.  This  model 
provides  the  highest  average  response  times  unless  the  maximum  allowable  distance  is 
reduced  in  an  iterative  manner,  and  then  some  scheduled  penetrated  LFs  are  likely  to  be 
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left  uncovered.  This  may  allow  users  to  view  what,  if  any,  scheduled  penetrated  LFs  may 
have  to  be  sacrificed  to  achieve  a  specified  response  time.  The  only  possible  positive 
aspect  of  this  model  is  it  may  allow  for  instances  of  “roving”  Fire  Teams  when  usage  is 
under  100%.  This,  however,  likely  provides  little  enhancement  to  security  and,  as  shown, 
produces  a  higher  average  response  time. 

This  research  has  shown  that,  in  most  cases,  the  MAF  only  staging  areas  solution 
produces  much  higher  average  response  times.  The  instances  where  average  response 
times  decrease  occur  because  scheduled  penetrated  LFs  are  left  uncovered.  At  times,  a 
very  large  percentage  of  scheduled  penetrated  LFs  are  left  uncovered  with  this  solution 
type.  Improved  response  times  utilizing  current  methods  are  unlikely  to  occur  if  these 
limited  number  of  staging  areas  are  consistently  used. 

No  matter  the  choice  of  model,  subjective  decision  making  should  still  be 
employed.  The  MCLP  model  clearly  shows  the  effect  on  maintenance  of  establishing 
rigid  response  time  thresholds.  Several  of  the  scheduled  penetrated  LFs  left  uncovered 
using  this  model  are  only  a  fraction  over  the  specified  distance  constraint.  This  would 
result  in  cancelled  maintenance  if  decision  makers  are  not  given  the  latitude  to  exercise 
prudent  judgment.  Similarly,  decision  makers  may  be  willing  to  sacrifice  a  small 
amount  of  response  time  to  position  forces  at  a  MAF.  This  would  not  be  possible  if  the 
objective  to  minimize  response  times  is  blindly  employed. 

Suggestions  for  Further  Study 

One  aspect  that  may  provide  significant  furthering  of  this  research  is  a  study  on 
better  maintenance  scheduling  methods.  It  may  be  possible  to  more  closely  align  priority 
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maintenance  and  periodic  maintenance  schedules.  This  may  be  very  difficult  since 
priority  maintenance  problems  generally  have  an  unpredictable  pattern.  Scheduling 
priority  maintenance  to  be  more  closely  aligned  with  periodic  maintenance  requirements 
would  likely  require  a  relaxation  of  alert  rate  standards.  It  may  be  feasible  to  achieve  this 
alignment  by  limiting  scheduled  maintenance  to  certain  days  of  the  week  and  performing 
priority  maintenance  that  falls  outside  the  general  geographical  area  of  the  ongoing 
scheduled  maintenance  during  the  remaining  days. 

To  ensure  complete  accuracy,  actual  distances  can  be  recorded  and  incorporated 
into  the  model.  Some  of  this  data  may  already  be  available,  but  it  would  require 
extensive  effort  to  obtain  actual  distances  to  complete  the  entire  distance  matrix. 
Additional,  or  different,  staging  areas  may  also  be  identified  and  incorporated  into  the 
model.  Latitude  and  longitude  coordinates  will  be  required  to  achieve  this,  but 
incorporation  into  the  models  is  easily  accomplished  with  this  data.  All  models  and 
documentation  for  use  will  be  delivered  to  Twentieth  Air  Force  at  the  conclusion  of  this 
research. 

Summary 

This  chapter  summarized  the  findings  of  this  research.  Options  and  specific 
recommendations  for  model  use  were  presented.  Comparisons  of  the  model  options  were 
shown  based  on  the  original  analysis  parameters.  Suggestions  for  further  study  were 
provided  in  the  hope  of  further  reducing  response  times  and  enhancing  ICBM  security. 
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ATTACHMENT  2 

MISSILE  MAINTENANCE  PRIORITY  DESIGNATORS 


|  Table  A2.1.  Priority  Designators. 


MAINTENANCE 

APPLICATION 

SUGGESTLD 

PRIORITY 

UND  (Supply 
System  Priority 

1 

Repair  of  critical  equipment  needed  for  safe  operation 
of  the  weapon  system 

A 

Maintenance  actions  needed  to  prevent  damage  or  fur¬ 
ther  damage  to  the  weapon  system,  avoid  injury  to  per¬ 
sonnel  or  render  the  weapon  system  safe 
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Priority  2  maintenance  is  listed  by  order  of  relative  pri¬ 
ority 

Return  of  an  LCC  to  operational  status  when  three  or 
more  are  noil-operational  in  the  same  squadron 

Maintenance  required  to  retain/return  “A  Category 
(CAT)”  sorties  to  EWO  alert  status 

Actual  EWO  generation  of  “F  CAT”  and  “L  CAT”  sor¬ 
ties 

Time  change  requirements  for  re-entry  systems  when 
the  due  date  is  within  30  days 

Maintenance  required  to  reposture  LFs  and  LCCs 
being  returned  from  modification/test  programs 

When  a  known  environmental  compliance  discrepancy 
exists  which  could  result  in  a  violation  of  federal,  state 
or  local  regulations  or  Air  Force/base  instructions 

Repair  of  severed,  damaged  or  seriously  degraded 
Hardened  Intersite  Cable  System  (El ICS) 

Multiple  outages  of  command  and  control  systems 
(Strategic  Automated  Command  and  Control  System 
(SACCS).  Milstar.  Air  Force  Satellite  Communica¬ 
tions  ( AFSATCOM ).  Survivable  Low  Frequency  Com¬ 
munications  System  (SLFCS),  1CBM  SHF  Satellite 
Terminal  (ISST)  and  UHF  Radio  System)  which  will 
seriously  jeopardize  alert  notification  to  two  or  more 
LCCs  in  a  squadron 

Restoration  of  squadron  IPD  collection  capability  to 
the  Missile  Support  Base 

Maintenance  required  to  deposture  LFs  and  LCCs 
committed  to  modification/command  approved  or 
directed  test  programs 
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33  (Cont) 


Discrepancies  expected  to  affect  alert  posture  or 
degrade  impact  accuracy 


A 


Discrepancies  which  are  time  sensitive  as  directed  by 
technical  data  or  which,  because  of  the  nature  of  the 
discrepancy,  require  periodic  monitoring 


Maintenance  required  to  return  an  LCC  to  operational 
status  when  two  are  non-operational  in  the  same  squad¬ 
ron 


Return  of  a  single  command  and  control  communica¬ 
tions  system  at  an  l.CC  involving  SACCS.  Milstar, 
AFSATCOM,  SLFCS,  EWO-2,  Hardened  Voice  Chan¬ 
nel  (HVC).  ISST  or  UIIF  Radio  System 


All  PMC  conditions  not  specifically  identified  as  Prior¬ 
ity  4 


A  hardness/survivability  PMC  discrepancy  within  the 
launch  tube  or  which  affects  the  missile 


Maintenance  to  clear  discrepancies  which  require 
camper  alert  teams 


Support  of  Dash  6  periodic  maintenance  schedules 
even  though  the  package  may  be  composed  of  discrep¬ 
ancies  of  lower  priority 


Support  equipment  requiring  emergency  repair  or  cali¬ 
bration.  the  lack  of  which  will  delay  or  prevent  mission 
accomplishment 


Critical  end  items  and  repairable  spares  designated 
"Priority  Repair" 


Actions  to  accomplish  immediate  MCLs 


Maintenance  required  to  bring  serviceable  quantities  to 

i  ■  i _ i  i 
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4 


Hardness/survivability  discrepancies  in  the  LERs,  but 
not  in  the  launch  tube 

A 

Outages  on  non-command  and  control  communica¬ 
tions  systems 

Impairments  to  any  command  and  control  communica¬ 
tions  systems 

Scheduled  training  dispatches’ tasks 

Training  devices  requiring  repair  which  prevent  or 
delay  training 

Return  of  an  I  CC  to  operational  status  when  four  are 
operational  in  the  same  squadron 

Hardness/survivability  discrepancies  in  the  LCC 

B 

TCTOs  and  MCLs,  which  if  not  promptly  completed, 
could  exceed  recession  date:  also  MCLs  designated  as 
“Urgent” 

Overdue  periodic  inspections  and  overdue  time  change 
items 

Site  or  support  equipment  discrepancies  not  expected 
to  result  in  a  PMC  condition,  but  if  corrected  will 
enhance  safety,  weapon  system  operation  or  reliability 

Impairments  to  non-command  and  control  communi¬ 
cation  systems 
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6 

Periodic  Inspections.  TCTOs.  MCLs  and  time  change 
items 

Communications  preventative  maintenance  inspec¬ 
tions  (PM  I) 

Routine  maintenance  of  training  devices 

Scheduled  calibration  of  support  equipment  not  listed 
under  a  higher  priority 

B 

7 

Minor  repair  of  missiles  and  support  equipment  not 
listed  under  a  higher  priority 

Fabrication  and  repair  of  weapon  system  items  not  ear- 
tying  a  higher  priority  of  non-weapon  system  items 

Communication  discrepancies  which  don’t  affect 
equipment  status 

C 

8 

Informational  entries 

N/A 

9 

Deferred  discrepancies 

N/A 
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Appendix  C:  p-median  Results,  Original  Full  Data  Set 
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>11 ,  A-8,  D-2,  D-6,  E-10,  E-7.  G-2,  G-6, 1-10,  K-5 

BI-IB 

4 

1486 

BlttH 

4 

ima 

17.32 

4 

.  A-2,  A-8,  A-11,  E-7,  E-10,  G-2, 1-9 

4 

4 

PURI 

10.50 

5 

,  E-7,  G-2,  A-2, 1-9,  A-8,  A-1 1 

5 

3.03 

4 

BH*I 

10.15 

5 

,  D-8,  E-1 1 ,  G-2,  E-2,  A-8,  K-1 1 .  D-4,  H-7,  C-5,  D-7 

BifciB 

5 

■  til :! 

9.16 

5 

HM 

12.15 

WWW. 

5 

7.45 

5 

7.88 

5 

HI 

11.12 

5 

B:fc'-B 

5 

HM 

9.58 

F-iiKH 

5 

|#j| 

11.12 

4 

4 

wmm 

7.27 

4 

MiliTiM 

12.79 

2/10/2004 

5 

8.70 

5 

fcEl 

10.77 

2/11/2004 

5 

5 

9  94 

BIJM 

5 

iih-l 

12.71 

mwmi 

5 

■ilnB 

4 

0.00 

3 

pm 

wmaui 

4 

,  A-6,  B-4,  D-11 ,  E-1 1 ,  E-6,  E-9,  F-4,  G-11 ,  J-6,  K-7,  K-8.  N-11 ,  N-7 

18.22 

4 

18.15 

4 

KMI 

22.88 

YWfAll 

4 

,  G-11 ,  E-9,  A-6,  B-4,  C-6,  D-11 ,  E-6,  E-11 ,  F-4,  F-11 ,  J-6,  K-7,  K-8,  N-11 

BlitLfl 

4 

15.21 

4 

■hem 

18.27 

4 

,  G-11 ,  E-9,  H-2,  A-4,  A-6,  A-8,  B-4,  C-6,  E-11 ,  F-4 

BEK-B 

4 

wmu 

11.62 

4 

KliMI 

20.62 

4 

,  E-9,  G-3.A-9,  A-11,  K-10.N-8 

4 

PM 

13.96 

BMH 

4 

pm 

18.06 

4 

4 

4 

K:I« 

12.97 

4 

,  E-9,  G-3,  A-7,  A-8,  E-7,  0-9,  L-4,  A-5 

4 

9.89 

4 

HfflM 

13.27 

4 

,  E-9,  G-3,  D-7.  L-10,  E-8 

4 

2.78 

4 

K*!l 

3/2/2004 

4 

,  A-9,  G-3,  J-3.  N-7,  E-2.  K-11 ,  E-6 

4 

14.67 

4 

20.54 

3/3/2004 

3 

,  G-3,  E-6,  E-2.  E-7,  D-4,  E-10,  E-11 

3 

9.26 

3 

■-HM 

5 

, G-3, E-6, F-11, D-4, E-10, E-11. K-11 

5 

6.12 

BMilB 

3 

KM 

10.50 

4 

.  E-6.  G-4,  A-8.  B-7 

4 

4 

10.15 

HMM! 

4 

,  E-6,  G-4,  H-9,  B-7,  A-2,  A-8,  D-4,  H-10 

4 

11.84 

4 

11.84 

Hil'MiI! 

4 

4 

10.15 

4 

PH-1'I 

10.15 

WillrM 

4 

4 

hmi 

4.14 

3 

pm 

10.15 

3/15/2004 

4 

,  D-5,  G-4,  A-5,  E-8 

4 

u  on 

4 

Kit'il 

9.82 

3/16/2004 

3 

,  G-4,  E-8 

2 

0  00 

2 

807 

Kijr/Aui 

4 

4 

0.00 

4 

Pl-i=l 

rmmmi 

HJlMl 

5 

4 

3 

mm 

10.15 

wmwi 

4 

,  E-6,  E-8,  G-9.  A-5.  B-4 

4 

■=*J« 

4 

pm 

9.82 

5 

,  E-6,  A-5,  G-9,  G-11,  E-8 

5 

0  00 

3 

B1W 

10.12 

5 

,  E-6,  E-8.  A-6, 1-8,  C-4 

5 

0  00 

aiiiatB 

4 

pm 

8.74 

M i£ 

5 

,  E-8, 1-8,  A-6 

3 

■iliM 

1141 

3 

8.74 

|sW:MiI! 

4 

,  E-6,  E-10,  M-5,  M-6 

4 

■liHiB 

2 

pm 

10.50 

fcMiMuI 

4 

BiInB 

4 

■iIiIB 

2 

pm 

4/5/2004 

4 

,  E-10,  B-4,  M-9.J-11.N-6,  G-6 

13.25 

4 

Mini 

1036 

4 

■HM 

14.23 

4/6/2004 

5 

,  D-9,  E-10,  B-6,  B-7,  B-9,  F-4 

VEIi.iB 

5 

■Eta 

4.94 

4 

■iMiM 

16.37 

4/7/2004 

5 

,  E-10,  N-6,  B-9,  B-10,  B-11 ,  F-4,  G-6,  M-5 

'anE-B 

5 

10.92 

5 

KM 

16.37 

4/12/2004 

3 

,  E-10,  A-8,  A-11,  B-7,  L-10,  M-5,  0-3 

BIUM 

3 

13.32 

3 

KM 

16.51 

EFiEFM! 

3 

3 

PtM 

7.86 

3 

pm 

EF/»HI 

5 

B:W 

5 

Eta 

6.41 

BUHcB 

5 

9.16 

5 

,G-7,  0-4,  C-3.M-8.A-7,  B-11,  E-11,  L-2.L-11 

16.58 

5 

13M 

14.84 

6 

niitu 

17.26 

5/4/2004 

5 

,  0-4,  G-7,  M-8,  B-1 1 ,  L-2,  L-11 ,  A-7,  B-6,  C-9,  N-9,  0-9 

■HI 

5 

1359 

4 

1EHSI 

17.26 

5/5/2004 

5 

,  0-4,  G-7,  M-8,  B-6,  C-9,  N-9 

Hft*B 

5 

5.82 

5 

pm 

12.05 

\m. mm 

5 

.  0-4.  G-7.  A-11.  C-8.  G-2 

BiInB 

5 

0.00 

4 

kim 

8.65 

4 

,  0-4,  G-7,  A-11,  C-8,  G-2 

4 

8.65 

4 

pm 

8.65 

Total: 

Averages  and  Total  number  of  FTs  Used: 

7.30 

pm 

12.53 

i imvM 

mm 

Max. 

■  Mil1 

Max. 

18.15 

him 

22.88 

MUM 

Min. 

■miB 

■HiM 

■w 

■litM 

8.07 

113 


Appendix  E:  Hybrid  Results,  Original  Full  Data  Set 


Hybrid 

All  SAs 

MAFs  Only 

Number 

Avg. 

Number 

Maximum 

Avg. 

Number 

Maximum 

Date 

of  Fire 
Teams 

Scheduled  Sites 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

5 

,  E-3,  E-8,  E-10,  G-10,  J-6,  K-8,  K-11 

4,46 

5 

20.82 

6.12 

12.29 

5 

57.37 

10.50 

1/8/2004 

3 

,  E-3,  E-8,  E-10,  F-6,  G-10,  K-11 ,  N-5 

11.45 

3 

53.41 

10.50 

14.36 

3 

67.04 

17.64 

i  mmi\ 

5 

— jtti 

6,32 

5 

8.77 

5 

BSIfW 

12.33 

5 

1 II II II  III  II^H  — -->«) 

8,77 

5 

9.38 

5 

Baa 

12.33 

5 

.  B-2,  E-5,  E-8,  G-10.  K-11.  K-2.K-7 

2.32 

5 

5.87 

5 

aniaa 

966 

5 

11.73 

5 

10.52 

5 

1F»/1 

17.64 

5 

HIM 

5 

fr/jr.ll 

9.57 

iii*a 

5 

a-n« 

11.77 

4 

Mfcfcf 

4 

■HU 

6.57 

4 

10.15 

mi'mii 

4 

,  A-1 1 ,  A-B,  D-2,  D-6,  E-10,  E-7,  G-2,  G-6, 1-10,  K-5 

12.84 

4 

14.86 

4 

■ir.ua 

17.32 

\WfMl 

4 

.  A-2.  A-B.  Aril .  E-7.  E-10.  G-2. 1-9 

7.34 

4 

9.80 

4 

10.50 

\mmi 

5 

2.11 

5 

3.03 

5 

Bkl*l 

10.15 

5 

■JEiM 

5 

EI*H 

9.16 

niiM 

5 

1/'*4E 

12.15 

5 

7.45 

5 

itm 

7.88 

5 

83.74 

11.12 

5 

IOJiaUia»£KS«SiKai!Jl!E5llJSil4'A4kH'- — »TJ| 

HEM 

5 

9.58 

5 

HEO 

11.12 

wMm 

4 

4 

7.27 

4 

E!#l 

12.79 

5 

5 

8.70 

5 

HIdl 

10.77 

WIFaijI 

5 

5 

9.94 

5 

12.71 

2/12/2004 

5 

,  E-1 1 ,  D-7 .  B-4,  D-10 

0.00 

4 

■iii'i 

HI'ftM 

4 

K=IM 

10.05 

2/17/2004 

4 

,  A-6,  B-4,  D-11.E-11,  E-6,  E-9,  F-4,  G-11.  J-6,  K-7,  K-8,  N-1 1 ,  N-7 

4 

IfOMI 

18.15 

4 

IteHEI 

22.88 

HIM  II! 

4 

,  G-11,  E-9,  A-6,  B-4,  C-6,  D-11  E-6,  E-11,  F-4,  F-11 ,  J-6,  K-7,  K-B,  N-11 

15.84 

4 

15.21 

4 

mm 

18.27 

WfeW'iI! 

4 

SHIM 

4 

11.62 

4 

EM 

20.62 

KwWijl! 

4 

,  E-9,  G-3,  A-9,  A-1 1 ,  K-10,  N-8 

him 

4 

13.96 

4 

tail 

18.06 

4 

,  E-9,  G-3,  K-10,  A-1 1 ,  F-4,  A-7,  A-8,  B-7,  D-3 

10.60 

4 

10.16 

4 

tin 

12.97 

4 

,  E-9,  G-3,  A-7,  A-8,  E-7, 0-9,  L-4,  A-5 

HIM 

4 

E/wa 

9.89 

fEEIH 

4 

Em 

13.27 

4 

.  ....  ■■■ 

4 

E-lUl 

2.78 

4 

10.45 

1MB 

4 

,  A-9,  G-3,  J-3,  N-7,  E-2,  K-11,  E-6 

4 

1467 

4 

Kliil 

20.54 

3/3/2004 

3 

.  G-3,  E-6,  E-2,  E-7,  D-4,  E-10,  E-11 

3 

9.26 

3 

Kin 

10.50 

HE 

5 

,  G-3,  E-6,  F-11,  D-4,  E-10,  E-11,  K-11 

3.49 

5 

n*/a 

6.12 

5 

im 

10.50 

3/8/2004 

4 

,  E-6,  G-4,  A-8,  B-7 

0.00 

4 

EiIul 

4 

tin 

10.15 

3/8/2004 

4 

,  E-6,  G-4,  H-9,  B-7,  A-2,  A-B,  D-4,  H-10 

7.35 

4 

■VJK'I 

11.84 

4 

Efn 

11.84 

|Eji[lMlIl£! 

4 

.  E-6.  G-4,  H-9,  A-2,  A-8,  D-4,  H-10 

5.86 

4 

10.15 

4 

isim 

10.15 

WillrM 

4 

mmm 

4 

4.14 

4 

til 

10.15 

MWH 

4 

4 

0.00 

4 

tin 

982 

3 

2 

lilul 

•ft’JTTH 

2 

iaa 

8.07 

4 

4 

niui 

0.00 

4 

in 

10.15 

mMM 

5 

4 

0.00 

4 

tiiia 

10.15 

Wrtml 

4 

4 

480 

4 

tin 

9.82 

Mi 

5 

5 

0.00 

5 

HEM 

10.12 

3/24/2004 

HIM 

5 

EijilE 

i[ii*a 

5 

35.43 

874 

3/26/2004 

■■KijH 

3 

ini'i 

0.00 

3 

22.82 

8.74 

4 

4 

0.00 

4 

am 

10.50 

MjMiI 

4 

4 

0.00 

4 

EH 

10.50 

IM 

4 

,  E-10,  B-4,  M-9.J-11.N-6,  G-6 

4 

10.36 

4 

Kllil 

14.23 

4/6/2004 

5 

,  D-9,  E-10,  B-6,  B-7,  B-9,  F-4 

2.35 

5 

HJESlf 

4.87 

HEKH 

5 

E.-'A'I 

16.37 

4/7/2004 

5 

,  E-10,  N-6,  B-9,  B-10,  B-11,  F-4,  G-6,  M-5 

5.76 

5 

KiMI 

10.92 

5 

a;*r« 

16.37 

[ftp/AiiI 

3 

,  E-10,  A-8,  A-11 ,  B-7,  L-10,  M-5, 0-3 

3 

13.32 

3 

16.51 

EFiEWOI! 

3 

3 

7.86 

3 

BilM 

10.15 

EFWMH 

5 

K&IS&l! 

mi.im 

5 

Kill 

6.41 

5 

»/*!■ 

916 

Hi 

5 

,G-7, 0-4,  C-3,  M-8,  A-7,  B-11,  E-11,  L-2,1-11 

9.73 

5 

14.84 

■rasa 

5 

BTEE 

17.26 

wimm 

5 

MWtW 

5 

■=!*« 

13.59 

5 

■IWM 

17.21 

BAMliEI 

5 

Wrh 

5 

llil/IH 

5.82 

HU 

5 

mwm 

12.05 

5 

5 

BE1 

0.00 

KEM 

5 

m 

8.65 

5/10/2004 

4 

,  0-4.  G-7.Ar11.C-8.G-2 

4.26 

4 

ini 

8.65 

HIM 

4 

BUM 

865 

Total: 

232 

Averages  and  Total  number  of  FTs  Used: 

HRS 

EM 

MM 

7.30 

mm 

hh 

12.53 

aacira 

ETOl 

Hlfll 

Max. 

BIB 

Max. 

HH 

■EMK:! 

18.15 

MH 

22.88 

ill 

Min. 

Min. 

Min. 

BilflB 

aw 

■WIW 

8.07 

114 


Appendix  F:  MCLP  Results,  Original  Reduced  Data  Set 


Max  Cover 

All  SAs 

Number 

Avg. 

Number 

Maximum 

Date 

of  Fire 
Teams 

Scheduled  Sites 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

5 

.  E-3,  E-8,  E-10,  G-10.  J-6.  K-8,  K-11 

3 

111.07 

19.58 

1/8/2004 

3 

,  E-3,  E-8,  E-10,  F-6,  G-10,  K-11,  N-5 

20.32 

3 

94.82 

19.54 

1/12/2004 

5 

- :Bi 

21.98 

2 

131.87 

19.10 

1/13/2004 

5 

4 

19.54 

1/14/2004 

3 

19.54 

1/20/2004 

5 

4 

■M'H 

19.22 

1/21/2004 

5 

,  A-3,  A-8,  C-9,  D-6,  E-7,  E-9,  E-10,  G-2,  G-10,  K-9,  K-11 

16.67 

4 

122.21 

19.79 

1/22/2004 

4 

17.82 

3 

59.39 

18.65 

1/27/2004 

4 

23.68 

3 

mm 

19.71 

1/28/2004 

4 

,A-2,  A-8,  A-11,  E-7,  E-10,  G-2, 1-9 

17.09 

3 

79.74 

19.47 

1/29/2004 

5 

.  E-7,  G-2,  A-2, 1-9,  A-8,  A-1 1 

21.02 

2 

ran 

19.96 

2/3/2004 

5 

,  D-8,  E-11 ,  G-2,  E-2,  A-8,  K-11 ,  D-4,  H-7,  C-5,  D-7 

20.23 

3 

16.74 

2/4/2004 

2 

128.27 

2/5/2004 

4 

147.51 

19.80 

2/9/2004 

4 

,  E-11,  G-2,  C-5,  A-5,  0-11 ,  E-9 

18.91 

2 

75.64 

18.41 

2/10/2004 

5 

,  E-11 ,  B-4,  D-5,  D-7,  D-9,  D-10,  D-11,  E-4,  G-11 ,  M-4 

16.19 

3 

HI 

19.22 

2/11/2004 

5 

19.65 

4 

144.07 

18.66 

2/17/2004 

4 

21.53 

4 

wtm 

19.58 

2/18/2004 

4 

4 

■MW 

19.70 

2/19/2004 

4 

,  G-11 ,  E-9,  H-2,  A-4,  A-6,  A-8,  B-4,  C-6,  E-11 ,  F-4 

14.57 

3 

97.15 

17.23 

2/23/2004 

4 

20.85 

3 

83.41 

16.26 

2/24/2004 

4 

,  E-9,  G-3,  K-10,  A-11 ,  F-4,  A-7,  A-8,  B-7,  D-3 

20.95 

2 

125.73 

18.03 

2/25/2004 

4 

,  E-9,  G-3,  A-7,  A-8,  E-7,  0-9,  L-4,  A-5 

19.77 

3 

105  44 

19.96 

2/26/2004 

4 

2 

ran 

19.45 

3/2/2004 

4 

4 

KMU 

17.81 

3/3/2004 

3 

2 

irapi 

17.13 

3/4/2004 

5 

leyaaaiBigwanwaiwmi  —  -  ■  -  -  -  -  —  -  •  - 

2 

IliifcJ 

17.13 

3/9/2004 

4 

,  E-6,  G-4,  H-9,  B-7,  A-2,  A-8,  D-4,  H-10 

24.41 

3 

130.18 

18.57 

3/10/2004 

4 

- 

23.40 

3 

HI 

18.57 

3/11/2004 

4 

24.40 

3 

81.34 

19.65 

3/22/2004 

4 

22.41 

2 

74.70 

19.54 

4/5/2004 

4 

,  E-10,  B-4,  M-9,  J-11 ,  N-6,  G-6 

18.83 

3 

75.31 

18.15 

4/6/2004 

5 

,  D-9,  E-10,  B-6,  B-7,  B-9,  F-4 

16.52 

3 

HI 

16.37 

4/7/2004 

5 

,  E-10,  N-6,  B-9,  B-10.B-11,  F-4,  G-6,  M-5 

22.15 

5 

118.12 

19.24 

4/12/2004 

3 

,  E-10,  A-8,  A-11,  B-7,  L-10.M-5,  0-3 

19.68 

2 

Emu 

16.66 

4/14/2004 

3 

,  H-11,  B-4,  B-5,  A-11,  A-8,  B-6 

19.99 

3 

79.94 

18.33 

4/29/2004 

5 

4 

67.07 

19.07 

5/3/2004 

5 

4 

ira 

19.26 

5/4/2004 

5 

■iff  Wt9M7i  !:■  =1  i  ■  N  B 1  WXM  zi&ilk  ■  fl  1:  ^  -  ^  * 

5 

142.07 

19.26 

5/5/2004 

5 

20.53 

3 

82.13 

19.26 

5/10/2004 

4 

,  0-4,  G-7,  A-11 ,  C-8,  G-2 

23.99 

3 

79.96 

17.51 

Total: 

179 

Averages  and  Total  number  of  FTs  Used: 

20.37 

127 

DU 

18.68 

%  FTs  used 

70.95% 

Max. 

Max. 

Max. 

24.41 

202.91 

19.96 

Min. 

Min. 

Min. 

14.57 

59.39 

16.26 

115 


Appendix  G:  p-median  Results,  Original  Reduced  Data  Set 


P-Median 

All  SAs 

Number 

Avg. 

Number 

Maximum 

Date 

of  Fire 
Teams 

Scheduled  Sites 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

5 

3,92 

5 

■rasa 

9.86 

1/8/2004 

3 

,  E-3,  E-8,  E-10,  F-6,  G-10,  K-11 ,  N-5 

9.22 

3 

43.05 

13.96 

1/12/2004 

5 

iiuiteMfliiiuia  i  i  m  i 

5 

29.19 

9.34 

1/13/2004 

5 

.  B-2,  E-5,  E-8.  G-10,  J-4,  K-2,  K-7,  K-11 

4.62 

5 

24.63 

13.81 

1/14/2004 

5 

5 

■nrai 

5.87 

1/20/2004 

5 

9.53 

5 

Mmm 

15.82 

1/21/2004 

5 

,  A-3,  A-8,  C-9,  D-6,  E-7,  E-9,  E-10,  G-2,  G-10,  K-9,  K-11 

7.50 

5 

55.02 

15.20 

1/22/2004 

4 

10.89 

1/27/2004 

11.66 

4 

20.62 

1/28/2004 

4 

,  A-2,  A-8,  A-11,  E-7,  E-10,  G-2, 1-9 

6.30 

4 

13.90 

1/29/2004 

5 

1.16 

5 

4.64 

4.64 

2/3/2004 

5 

IitrlaiaaflACitiEsiniiiff^i^  *■  -"“*a9S  i  - 

7.12 

5 

47.46 

13.42 

2/4/2004 

5 

6.69 

5 

44.63 

13.42 

2/5/2004 

5 

5.79 

5 

42.48 

10.20 

2/9/2004 

4 

,  E-1 1 ,  G-2,  C-5.A-5,  0-11,  E-9 

3.61 

4 

14.44 

9.79 

2/10/2004 

5 

5.29 

5 

35.29 

12.23 

2/11/2004 

5 

l.f.*  1' 14 in 

6.54 

5 

47.95 

12.97 

2/17/2004 

Wl:j| 

4 

119.56 

28.66 

2/18/2004 

4 

■slUl^dC£dl=£]lddl>Slll^Mill£]UIie^ll£UIKJUUI 

4 

IEOI 

26.21 

2/19/2004 

9.23 

4 

61.54 

15.28 

2/23/2004 

4 

7.64 

4 

■eiUJ 

21.01 

2/24/2004 

9.64 

4 

57.85 

17.49 

2/25/2004 

4 

,  E-9,  G-3,  A-7,  A-8,  E-7, 0-9,  L-4.A-5 

7.48 

4 

39.89 

14.99 

2/26/2004 

4 

1.38 

4 

4.61 

4.61 

3/2/2004 

w&w&mhMM*nvum4m^  -™™ 

4 

23.11 

3/3/2004 

3 

6.86 

3 

■HUM 

10.50 

3/4/2004 

5 

itiii2flaiiiEiaiiiaiK4irB-  — - —  =r  if 

5 

12.78 

7.29 

3/9/2004 

4 

,  E-6,  G-4,  H-9,  B-7,  A-2,  A-8,  D-4,  H-10 

6.17 

4 

32.92 

17.24 

4 

5.86 

4 

27.32 

17.24 

3/11/2004 

1.41 

4 

BW1 

4.71 

3/22/2004 

2.76 

4 

»«[=■ 

9.18 

4/5/2004 

4 

8.95 

4 

35.82 

18.37 

4/6/2004 

5 

5 

6.01 

6.01 

4/7/2004 

5 

■aiiBi!iai:8!»:in»iilB  Eli 1 11*  M  -  -  -  -  -  -  -  - '  .  i> 

5.59 

5 

H39 

19.71 

4/12/2004 

3 

■aii*-*:KSiB:MRfiVTCVi£Hi  +-  - —  •  T» 

3 

49.19 

18.15 

4/14/2004 

3 

,  H-11.B-4.B-5,  A-11,  A-8,  B-6 

6.36 

3 

25.42 

15.13 

4/29/2004 

5 

5 

10.26 

10.26 

5/3/2004 

5 

I3XifVSF^mHI3IVKIR1  u 

8.67 

5 

52.02 

21.11 

5/4/2004 

5 

5 

73.84 

24.00 

5/5/2004 

5 

2.65 

5 

10.62 

10.62 

5/10/2004 

k — w\ 

4 

13.72 

13.72 

Total: 

179 

Averaqes  and  Total  number  of  FTs  Used: 

6.36 

179  _ 

37.27 

14.16 

14  FTs  used 

mnnm 

Max. 

Max. 

Max. 

13.80 

126.96 

28.66 

Min. 

Min. 

Min. 

1.16 

4.61 

4.61 
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Appendix  H:  p-center  Results,  Original  Reduced  Data  Set 


P-Center 

All  SAs 

Number 

Avg. 

Number 

Maximum 

of  Fire 
Teams 

Scheduled  Sites 

Response 

Time 

of  Fire 
Teams 

Distance  of  any 
Fire  Team  to  a 

Available 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

5 

6.12 

1/8/2004 

3 

R*R4R4I.R*R'3liRHIII!!.m^  a™.  4'; 

3 

10.50 

1/12/2004 

r.«r=mmi.wbr:»rm*»j«4=rm«  u 

8.01 

5 

8.77 

1/13/2004 

,  B-2,  E-5,  E-8,  G-10,  J-4,  K-2,  K-7,  K-1 1 

10.21 

5 

RjE!R 

9.38 

1/14/2004 

,  B-2.E-5,  E-8,G-10,K-11,K-2,K-7 

4.56 

5 

wawm 

5.87 

1/20/2004 

,  A-3,  A-8,  B-3,  D-6,  D-7,  E-9,  G-10,  J-6,  K-4,  K-9,  K-1 1 

5 

10.52 

1/21/2004 

,  A-3,  A-8,  C-9,  D-6,  E-7,  E-9,  E-10,  G-2,  G-10,  K-9,  K-1 1 

5 

9.62 

1/22/2004 

4 

6.57 

1/27/2004 

4 

,  Aril,  A-8,  D-2,  D-6,  E-10,  E-7,  G-2,  G-6, 1-10,  K-5 

15.51 

4 

14.86 

1/28/2004 

4 

,  A-2,  A-8,  A-11,  E-7,  E-10,  G-2, 1-9 

7.76 

4 

9.80 

1/29/2004 

,  E-7,  G-2,  A-2, 1-9,  A-8,  A-11 

2.11 

5 

3.03 

2/3/2004 

,  D-8,  E-11 ,  G-2,  E-2,  A-8,  K-1 1 ,  D-4,  H-7,  C-5,  D-7 

8.30 

5 

9.16 

2/4/2004 

7.45 

5 

7.88 

2/5/2004 

5 

RiLJ  U  -  '■ 

8.35 

5 

9.58 

2/9/2004 

4 

7.27 

2/10/2004 

.  E-11,  B-4,  D-5,  D-7.  D-9,  D-10,  D-11,  E-4,  G-11,  M-4 

9.13 

5 

8.70 

2/11/2004 

,  J-10,  E-11,  G-11,  M-4,  A-5.A-10.A-4,  J-6,  E-9,  D-10,  F-9 

10.94 

5 

9.94 

2/17/2004 

1  ■  'R  III  111  11  R  11  R HR  Iff  R  R  R  'IB  M 

4 

■M-rJ 

18.15 

2/18/2004 

■C9M3!W‘t4i:Ill!4il9iaa4iaiB2!aaiM4i!«K«lLlif 

16.25 

4 

■MMiI 

15.21 

2/19/2004 

4 

11.62 

2/23/2004 

4 

,  E-9,  G-3,  A-9,  A-11 ,  K-1 0 ,  N-8 

17.63 

4 

13.96 

2/24/2004 

4 

,  E-9,  G-3,  K-1  □ ,  A-11 ,  F-4,  A-7,  A-8,  B-7,  D-3 

12.41 

4 

10.16 

2/25/2004 

R  Rll  ■  1 

4 

9.89 

2/28/2004 

1.50 

4 

2.78 

3/2/2004 

4 

14.67 

3/3/2004 

3 

,  G-3.  E-6,  E-2,  E-7.  D-4,  E-10,  E-11 

8.70 

3 

9.26 

3/4/2004 

ESSE®? 

,  G-3,  E-6.F-11,  D-4,  E-10,  E-11,  K-11 

5.74 

5 

6.12 

3/9/2004 

REyfclRUJLi#.' ■■■ '■ 

MHfc'cW 

4 

11.84 

3/10/2004 

10.76 

4 

10.15 

3/11/2004 

2.71 

4 

KIICH 

4.14 

3/22/2004 

4 

,  E-6,  E-8,  G-9,  A-5,  B-4 

2.81 

4 

4.80 

4/5/2004 

4 

,  E-10,  B-4,  M-9.J-11.N-6,  G-6 

13.25 

4 

10.36 

4/B/2004 

,  D-9.  E-10,  B-6,  B-7.  B-9,  F-4 

4.89 

5 

4.94 

4/7/2004 

,  E-10,  N-6,  B-9,  B-10,  B-11,  F-4,  G-6,  M-5 

10.95 

5 

10.92 

4/12/2004 

3 

U#l 

13.32 

4/14/2004 

,  H-11 ,  B-4,  B-5,  A-11 ,  A-8,  B-6 

9.74 

3 

wmm 

7.86 

4/29/2004 

,  0-4,  M-9,  C-3,  A-9,  J-5,  0-9 

5 

6.41 

5/3/2004 

,  G-7,  0-4,  C-3,  M-8,  A-7,  B-11 ,  E-11 ,  L-2,  L-11 

16.58 

5 

14.84 

5/4/2004 

,  0-4,  G-7,  M-8,  B-11 ,  L-2,  L-11 ,  A-7,  B-6,  C-9,  N-9,  0-9 

15.18 

5 

■tit 

13.59 

5/5/2004 

I™ 

5 

iaa 

5.82 

5/10/2004 

4 

,  0-4,  G-7,  A-11 ,  C-8,  G-2 

9.67 

4 

VHrlW 

8.65 

Total: 

179 

Averaqes  and  Total  number  of  FTs  Used: 

10.00 

■FTtni 

9.44 

%  FTs  used 

Hi'ili'it'4 

Max. 

Max. 

Max. 

19.65 

157.87 

18.15 

Min. 

Min. 

Min. 

1.50 

5.00 

2.78 
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Appendix  I:  Hybrid  Results,  Original  Reduced  Data  Set 


Hybrid 

All  SAs 

Number 

Avg. 

Number 

Maximum 

Date 

of  Fire 

Scheduled  Sites 

Response 

of  Fire 

Total 

Distance  of  any 

LFs  not 

Teams 

Time 

Teams 

Distance 

Fire  Team  to  a 

covered 

Available 

(Minutes) 

Used 

Penetrated  IF 

1/7/2004 

5 

5 

Hipl 

6.12 

1/8/2004 

3 

: •  4. 

3 

ran 

10.50 

1/12/2004 

5 

6.32 

5 

ism 

8.77 

1/13/2004 

5 

8.77 

5 

9.38 

1/14/2004 

5 

2.32 

5 

■MSB 

5.87 

1/20/2004 

,  A-3,  A-8,  B-3,  D-6,  D-7,  E-9,  G-10,  J-6,  K-4,  K-9,  K-11 

11.73 

5 

EiMM 

10.52 

1/21/2004 

,  A-3,  A-8,  C-9,  D-6,  E-7,  E-9,  E-10,  G-2,  G-10,  K-9,  K-11 

8.10 

5 

59.41 

9.57 

1/22/2004 

3.33 

4 

11.09 

6.57 

1/27/2004 

4 

4 

14.86 

1/28/2004 

4 

4 

34.23 

9.80 

1/29/2004 

2.11 

5 

8.44 

3.03 

2/3/2004 

5 

IISI3Hc»J»JK!:i:4Mlia:i1  ■i'll!  ^  ™  T  r. 

7.41 

5 

49.37 

9.16 

2/4/2004 

5 

7,45 

5 

EMI 

7,88 

2/5/2004 

5 

6.58 

5 

48.27 

9.58 

2/9/2004 

4 

17.31 

7.27 

2/10/2004 

5 

6.84 

5 

45.59 

8.70 

2/11/2004 

5 

7,13 

5 

52.26 

9.94 

2/17/2004 

R5dl=£]l>Ull^lJl^HI=&Ji21KcSIIRIHI»JaE5:l»SIII!»K41 

4 

130.21 

18.15 

2/18/2004 

itinsEiditEniaiiiiaadiaiaziaiiliJifliSillihl 

15.84 

4 

15.21 

MU 

4 

14.25 

4 

94.97 

11.62 

2/23/2004 

9,19 

4 

13.96 

Ml 

4 

4 

10.16 

2/25/2004 

_ _  •.*  f 

9,04 

4 

9.89 

2/26/2004 

4 

1.50 

4 

■•tin 

2.78 

■asa 

4 

4 

eeh 

14.67 

3/3/2004 

3 

Kdj±ji£ji4ji!U=ai>i=aw 

3 

33.67 

9.26 

3/4/2004 

5 

lddUdUlll!U4l>MdllH»^ - —  -i 

5 

16.27 

6.12 

3/9/2004 

4 

R^W!JLU|iS^f:>i!R!l  W  — — 

4 

11.84 

3/10/2004 

5.86 

4 

27.37 

10.15 

3/11/2004 

2.71 

4 

9.03 

4.14 

3/22/2004 

4 

2,81 

4 

9.38 

4.80 

4/5/2004 

4 

9.29 

4 

37.17 

10.36 

4/8/2004 

5 

2.35 

5 

9.41 

4.87 

4/7/2004 

5 

5.76 

5 

30.71 

10.92 

4/12/2004 

3 

,  E-10,  A-8,  A-1 1 ,  B-7,  L-10,  M-5,  0-3 

12.87 

3 

60.05 

13.32 

4/14/2004 

3 

,  H-11 ,  B-4,  B-5,  A-11 ,  A-8,  B-B 

6.37 

3 

25.50 

7.86 

4/29/2004 

5 

2.87 

5 

11.49 

6.41 

5/3/2004 

5 

9.73 

5 

EPI 

14.84 

5/4/2004 

5 

5 

WWM 

13.59 

5/5/2004 

5 

2.73 

5 

■iiJUJB 

5.82 

5/10/2004 

4 

4 

14.20 

8.65 

Total: 

179 

Averaqes  and  Total  number  of  FTs  Used: 

7.45 

179 

43.63 

9.44 

It  FTs  used 

imniiEfl 

Max. 

Max. 

Max. 

15.84 

147.88 

18.15 

Min. 

Min. 

Min. 

1.50 

5.00 

2.78 
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Appendix  J.  MCLP  Results,  Full  Data  Set  w/Reduced  Fire  Teams 


3  ,  E-3,  E-8,  E-IQ,  G-10,  J-6,  K-8,  K-11 
3  ,  E-3,  E-8,  E-IQ,  F-6,  G-10,  K-11 ,  N-5 
3  ,  D-1 1.E-2,  G-10,  J-4,K-2,K-5,K-7,K-9,  K-11 
3  .  B-2.  E-5.  E-8.  G-10.  J-4.  K-2.  K-7.  K-11 


Number 

Maximum 

Avg. 

Number 

Maximum 

of  Fire 

Total 

Distance  of  any 

LFsnot  Response 

of  Fire 

Total 

Distance  of  any 

Teams 

Distance  Fire  Team  to  a 

covered  Time 

Teams 

Distance 

Fire  Team  to  a 

Used 

Penetrated  LF 

(Minutes) 

Used 

Penetrated  LF 

3 

111.07 

1958 

19.23 

2 

89.75 

19.29 

3 

94  82 

19.54 

19.12 

3 

89.25 

19.29 

2 

131.87 

19.10 

14.90 

3 

89.39 

19.29 

3 

100.81 

19.10 

16.16 

3 

75.42 

19.29 
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Appendix  K.  p-median  Results,  Full  Data  Set  w/Reduced  Fire  Teams 


P-Median 

All  SAs 

MAFs  Only 

Number  of 

Avg. 

Number 

Maximum 

Avg. 

Number 

Maximum 

Date 

Fire 

Teams 

Scheduled  Sites 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

3 

,  E-3,  E-8,  E-10,  G-10,  J-6,  K-B,  K-11 

11.27 

3 

52.60 

23.07 

14.38 

3 

67.11 

1856 

1/8/2004 

3 

,  E-3,  E-8,  E-10,  F-6, 6-10,  K-11 ,  N-5 

9.22 

3 

43.05 

13.96 

14.36 

3 

67.04 

17.64 

wrnrm 

3 

3 

18.87 

3 

19.29 

IfttfAUli 

3 

,  B-2.  E-5.  E-8,  G-10,  J-4.  K-2,  K-7.  K-11 

3 

■atm 

26.31 

3 

EBB 

26.82 

1/14/2004 

3 

.B-2.E-5,  E-8,  G-10,  K-11  .K-2.K-7 

3 

■=':!« 

14.48 

3 

19.29 

1/20/2004 

3 

,  A-3,  A-8,  B-3,  D-6,  D-7,  E-9,  G-10,  J-6,  K-4,  K-9,  K-11 

rapt:* 

3 

li 

25.90 

3 

22.50 

mrmm 

3 

,  A-3,  A-8, 09,  D-6,  E-7,  E-9,  E-10,  G-2,  G-10,  K-9,  K-11 

3 

K#l 

19.47 

3 

mwmm 

3 

3 

K**l 

16.35 

3 

EBB 

mrumi\ 

3 

mimjLidmmji  hi  5 !,  ■  . 

3 

23.61 

3 

IMIirJ 

24.77 

1/28/2004 

3 

,  A-2,  A-8,  A-11,  E-7,  E-10,  G-2, 1-9 

3 

MM 

18.10 

my  Km 

3 

57.14 

12.71 

1/29/2004 

3 

,  E-7,  G-2.  A-2, 1-9,  A-8.  A-11 

3 

eem 

18.10 

■HW 

3 

46.64 

12.71 

■W3I! 

3 

,  D-B,  E-11,  G-2,  E-2,  A-8,  K-11 ,  D-4,  H-7,  C-5,  D-7 

3 

E#fl 

21.81 

3 

WZFauI] 

3 

,  D-8,  E-11 ,  G-2.  E-10,  E-2,  A-8.  K-11 ,  D-4,  C-5,  D-7 

3 

■:ih':B 

17.87 

3 

II'II’II 

mmm 

3 

MdHUI&Ifll&B  llll  1  1  1 

3 

17.19 

3 

1  HHfl 

19.69 

2/9/2004 

3 

,  E-11,  G-2,  C-5,  A-5,  0-11,  E-9 

3 

■aw 

16.09 

■PIW 

3 

iaa 

14.71 

2/10/2004 

3 

,  E-11 ,  B-4,  D-5,  D-7,  D-9,  D-10,  D-1 1 ,  E-4,  G-1 1 ,  M-4 

3 

hipm 

15.49 

•■EICJW 

3 

27.35 

Ir/jirMl 

3 

,  J-10,  E-11 ,  G-1 1 ,  M-4,  A-5,  A-10,  A-4,  J-6,  E-9,  D-10,  F-9 

3 

-Sim. 

3 

■win 

27.35 

bwni 

3 

■’jaw 

3 

■FJFiH 

3 

mu 

mamm 

3 

,  A-6,  B-4,  D-1 1,  E-11,  E-6,  E-9,  F-4,  G-1 1 .  J-6,  K-7.  K-8,  N-1 1 ,  N-7 

18.50 

3 

29.91 

3 

■WM 

memi 

2/18/2004 

3 

,  G-1 1 ,  E-9,  A-6,  B-4,  C-6,  D-1 1 ,  E-6,  E-1 1 ,  F-4,  F-1 1 .  J-6,  K-7,  K-8,  N-1 1 

■MW 

3 

26.21 

KIW 

3 

naa 

24.71 

2/19/2004 

3 

,  G-1 1 ,  E-9,  H-2,  A-4,  A-6,  A-8,  B-4,  C-6,  E-11 ,  F-4 

3 

19.57 

3 

EM 

24.67 

v;/jcv;n!! 

3 

,  E-9,  G-3.A-9,  A-11,  K-10.N-8 

3 

■ 

25.26 

3 

wm 

27.71 

bwwtiii 

ii^K3 

3 

m 

22.26 

3 

mu 

2/25/2004 

3 

,  E-9,  G-3,  A7,  A-8,  E-7, 0-9,  L-4,  A-5 

3 

■»m 

3 

94.44 

24.47 

2/26/2004 

3 

,  E-9,  G-3,  D-7,  L-10,  E-8 

3 

EiIM 

15.82 

3 

40.07 

11.67 

3/2/2004 

3 

,  A-9,  G-3,  J-3,  N-7,  E-2,  K-11,  E-6 

3 

■:1IPM 

22.99 

■l:l:M 

3 

92.87 

22.94 

3 

,  G-3,  E-6,  E-2,  E-7,  D-4,  E-10,  E-11 

3 

■>!■>■ 

3 

HI 

■Hull 

3 

,  G-3,  E-6,  F-11,  D-4,  E-10.  E-11.  K-11 

3 

Eft 1 

3 

3/8/2004 

3 

,  E-6,  G-4,  A-8,  B-7 

8.21 

3 

Kin 

21.90 

3 

EBB 

11.84 

3/9/2004 

3 

,  E-6,  G-4,  H-9,  B-7,  A-2,  A-8,  D-4,  H-10 

10.96 

3 

fc:IEB 

25.51 

■PHI* 

3 

80.88 

22.93 

3/10/2004 

3 

,  E-6,  G-4,  H-9,  A-2,  A-8,  D-4,  H-10 

3 

PE* 

25.51 

3 

EliM 

22.93 

VriirAUl! 

3 

3 

■lili'il 

5.59 

3 

msssm, 

bfitfMiI! 

3 

3 

E'h'l 

3 

VMM 

14.71 

3/18/2004 

3 

,  G-4,  E-8 

2 

Bia 

'Bit* 

2 

■LiM 

8.07 

3/17/2004 

3 

,  G-4,  E-8,  A-8,  G-6 

3 

8.88 

3 

13*1 

10.15 

3/18/2004 

3 

,  G-4,  E-6,  A-5,  A-8 

3 

■MM 

illH> 

■MW 

3 

nm 

10.15 

IKV//AII!! 

3 

3 

E/1 

3 

B!il:W 

14.71 

bwcwnii 

3 

3 

MWM 

9.18 

3 

BIBB 

3/24/2004 

3 

,  E-6,  E-8,  A-6, 1-8,  C-4 

8.51 

3 

a./va 

19.18 

3 

17.00 

3/25/2004 

3 

,  E-8, 1-8,  A-6 

0.00 

3 

HH 

0.00 

3 

WfM 

8.74 

ESDI! 

3 

3 

EM 

924 

3 

H#l 

iKHTiTI 

3 

3 

EM 

9.24 

3 

FH 

mcwith 

3 

3 

■'ilia 

25.51 

3 

■ZIM 

4/8/2004 

3 

,  D-9,  E-10,  B-6,  B-7,  B-9,  F-4 

3 

EtM 

21.41 

■I** 

3 

■aim 

16.37 

4/7/2004 

3 

,  E-10,  N-6,  B-9,  B-10,  B-1 1 ,  F-4,  G-6,  M-5 

3 

EE1 

33.36 

3 

mm 

3098 

3 

,  E-10,  A-8,  A-11,  B-7,  L-10,  M-5,  0-3 

3 

Bin 

18.15 

3 

H#l 

bfiEWOI! 

3 

3 

wm 

9I1H1 

3 

VMM 

mm 

■fMAiiI! 

3 

3 

Pi™ 

3 

MWM 

33.32 

5/3/2004 

3 

,  G-7,  0-4,  C-3,  M-8,  A-7,  B-1 1 ,  E-11,  L-2,  L-11 

3 

mu 

29.62 

HEP* 

3 

MM1 

36.38 

5/4/2004 

3 

,  0-4,  G-7,  M-8,  B-1 1 ,  L-2,  L-11 ,  A-7,  B-6, 09,  N-9,  0-9 

3 

Wk* 

3 

■EMU 

3638 

3 

,  0-4,  G-7,  M-8,  B-6,  C-9,  N-9 

3 

3 

■HIM 

18.21 

3 

3 

33.20 

3 

17.51 

bfiliwnii 

3 

3 

33.20 

3 

17.51 

Total: 

159 

Averages  and  Total  number  of  FTs  Used: 

mum 

EBB 

■Pt>lt1 

B35B 

IS1MB1 

■  ITU 

Max. 

■rniai 

33.36 

HIM 

SBEIMHIi 

Mi  Ml 

Min. 

■M 

EM 

■mm 

■MW 

uuvm 

8.07 

120 


Appendix  L.  p-center  Results,  Full  Data  Set  w/Reduced  Fire  Teams 


P-Center 

All  SAs 

MAFs  Only 

Number  of 

Avg. 

Number 

Maximum 

Avg. 

Number 

Maximum 

Date 

Fire 

Teams 

Scheduled  Sites 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

3 

,  E-3,  E-8,  E-10,  G-10,  J-6,  K-B,  K-11 

15.46 

3 

72.16 

12.47 

18.57 

3 

86.65 

17.64 

1/8/2004 

3 

,  E-3,  E-8,  E-10,  F-6, 6-10,  K-11 ,  N-5 

12.35 

3 

57.62 

10.50 

14.36 

3 

67.04 

17.64 

wrnrm 

3 

3 

■3TCB 

13.60 

■ECU 

3 

PF9 

19.29 

IfttfAUli 

3 

,  B-2.  E-5.  E-8,  G-10,  J-4.  K-2,  K-7.  K-11 

3 

16.31 

3 

■M;T 

1/14/2004 

3 

.B-2.E-5,  E-8,  G-10,  K-11  .K-2.K-7 

3 

3 

WikkW 

17.64 

1/20/2004 

3 

,  A-3,  A-8,  B-3,  D-6,  D-7,  E-9,  G-10,  J-6,  K-4,  K-9,  K-11 

■i;w 

3 

17.87 

3 

lEffll 

20.62 

mrmm 

3 

,  A-3,  A-8, 09,  D-6,  E-7,  E-9,  E-10,  G-2,  G-10,  K-9,  K-11 

14.21 

3 

14.77 

3 

2168 

mwmm 

3 

3 

3 

gHiE^Bii 

mrumi\ 

3 

mimjLidmmji  hi  5 !,  ■  - 

3 

16.33 

3 

mm 

22.79 

1/28/2004 

3 

,  A-2,  A-8,  A-11,  E-7,  E-10,  G-2, 1-9 

3 

10.15 

mmu 

3 

BrlEB 

12.71 

1/29/2004 

3 

,  E-7,  G-2.  A-2, 1-9,  A-8.  A-11 

■fcH« 

3 

KKW 

■hhies 

3 

12.71 

■W3I! 

3 

,  D-B,  E-11,  G-2,  E-2,  A-8,  K-11 ,  D-4,  H-7,  C-5,  D-7 

16.81 

3 

15.99 

3 

mm 

18.68 

WZFauI] 

3 

Ri&MK&Hiijyy)  i  in  ii  i  ii 

3 

14,48 

3 

W#fl 

18.68 

mmm 

3 

3 

kKEm 

3 

mm 

19.69 

2/9/2004 

3 

,  E-11,  G-2,  C-5,  A-5,  0-11,  E-9 

3 

HNI 

14.48 

3 

■MM 

14.71 

2/10/2004 

3 

,  E-11 ,  B-4,  D-5,  D-7,  D-9,  D-10,  D-1 1 ,  E-4,  G-1 1 ,  M-4 

14.26 

3 

15.49 

3 

v/ifirMI 

3 

,  J-10,  E-11 ,  G-1 1 ,  M-4,  A-5,  A-10,  A-4,  J-6,  E-9,  D-10,  F-9 

3 

15.44 

3 

mm 

E^E3i£^B!i 

bwni 

3 

3 

4.59 

3 

Kin 

g^QUUj^B! 

mamm 

3 

,  A-6,  B-4,  D-1 1,  E-11,  E-6,  E-9,  F-4,  G-1 1 .  J-6,  K-7.  K-8,  N-1 1 ,  N-7 

22.97 

3 

19.22 

3 

w»m 

23.92 

2/18/2004 

3 

,  G-1 1 ,  E-9,  A-6,  B-4,  C-6,  D-1 1 ,  E-6,  E-1 1 ,  F-4,  F-1 1 .  J-6,  K-7,  K-8,  N-1 1 

Hi m 

3 

18.15 

3 

23.43 

2/19/2004 

3 

,  G-1 1 ,  E-9,  H-2,  A-4,  A-6,  A-8,  B-4,  C-6,  E-11 ,  F-4 

3 

tWW-M 

13.72 

mn  :■ 

3 

■FJFI 

20.94 

v;/jcv;n!! 

3 

,  E-9,  G-3.A-9,  A-11,  K-10.N-8 

3 

3 

k>:i 

SHlEiE 

bwwriii 

ii^K3 

R^miElDIZESESDESEE^^^^^ 

3 

3 

imi 

ii^EIEz^Bl 

2/25/2004 

3 

,  E-9,  G-3,  A7,  A-8,  E-7, 0-9,  L-4,  A-5 

3 

3 

BUM 

20.62 

2/26/2004 

3 

,  E-9,  G-3,  D-7,  L-10,  E-8 

3 

■«PB 

10.13 

3 

48.04 

11.67 

3/2/2004 

3 

,  A-9,  G-3,  J-3,  N-7,  E-2,  K-11,  E-6 

3 

17.11 

3 

10904 

22.38 

3 

,  G-3,  E-6,  E-2,  E-7,  D-4,  E-10,  E-11 

3 

9.26 

3 

BEITiB 

gHEEM 

■Hull 

3 

,  G-3,  E-6,  F-11,  D-4,  E-10.  E-11.  K-11 

3 

7.98 

3 

3/8/2004 

3 

,  E-6,  G-4,  A-8,  B-7 

3 

11.84 

3 

fcifcl 

11.84 

3/9/2004 

3 

,  E-6,  G-4,  H-9,  B-7,  A-2,  A-8,  D-4,  H-10 

3 

15.14 

3 

22.25 

3/10/2004 

3 

,  E-6,  G-4,  H-9,  A-2,  A-8,  D-4,  H-10 

14.91 

3 

15.14 

3 

Km 

22.25 

KfiirAUl! 

3 

vim 

3 

4.71 

3 

Kin 

bfitfMiI! 

3 

3 

11.48 

3 

Kil!! 

14.71 

3/18/2004 

3 

,  G-4,  E-8 

2 

2 

■MteB 

8.07 

3/17/2004 

3 

,  G-4,  E-8,  A-8,  G-6 

4.68 

3 

5.16 

3 

BMW 

10.15 

3/18/2004 

3 

,  G-4,  E-6,  A-5,  A-8 

3 

989 

■KKU 

3 

■ti*f 

10.15 

IKV//AII!! 

3 

3 

9.74 

3 

K#1 

14.71 

bwcwnii 

3 

3 

7.49 

3 

BIBB 

ehiek: 

3/24/2004 

3 

,  E-6,  E-8,  A-6, 1-8,  C-4 

■fcW 

3 

12.30 

■MIH 

3 

■riEB 

17.00 

3/25/2004 

3 

,  E-8, 1-8,  A-6 

0.00 

3 

3 

mm 

8.74 

ESDI! 

3 

■H 

3 

■HEW! 

6.71 

2 

vm 

iKHTiTI 

3 

3 

6.71 

2 

BMW 

mcwith 

3 

3 

18.15 

3 

mm 

22.41 

4/8/2004 

3 

,  D-9,  E-10,  B-6,  B-7,  B-9,  F-4 

3 

14.45 

■HfcU 

3 

KKl 

16.37 

4/7/2004 

3 

,  E-10,  N-6,  B-9,  B-10,  B-1 1 ,  F-4,  G-6,  M-5 

3 

21.57 

mwru 

3 

Baa 

24.01 

3 

,  E-10,  A-8,  A-11,  B-7,  L-10,  M-5,  0-3 

3 

13.32 

3 

him 

16.51 

bfiEWOI! 

3 

3 

7.86 

3 

mm 

UHEIE^Bii 

■fMAiiI! 

3 

3 

19.54 

3 

WHfl 

22.94 

5/3/2004 

3 

,  G-7,  0-4,  C-3,  M-8,  A-7,  B-1 1 ,  E-11,  L-2,  L-11 

3 

Bl«1|!j| 

H-KI'Ki 

3 

■IME1 

27.31 

5/4/2004 

3 

,  0-4,  G-7,  M-8,  B-1 1 ,  L-2,  L-11 ,  A-7,  B-6, 09,  N-9,  0-9 

3 

maia 

18.81 

3 

2686 

3 

,  0-4,  G-7,  M-8,  B-6,  C-9,  N-9 

3 

fc'iIM 

13.97 

■l:tW 

3 

mm 

18.21 

3 

3 

EH' 

17.51 

3 

hi 

17.51 

bfiliwnii 

3 

ma tm 

3 

17.51 

3 

17.51 

Total: 

159 

Averages  and  Total  number  of  FTs  Used: 

■EH 

BH 

ESI 

12.91 

W#;H 

EEl 

17.12 

K1MB1 

tiiaerra 

HH 

Max. 

Max. 

1EE3 

21.57 

masu 

27.31 

mu 

b  irB 

Min. 

— 

HB 

IBB; 

uuvm 

8.07 

121 


Appendix  M.  Hybrid  Results,  Full  Data  Set  w/Reduced  Fire  Teams 


Hybrid 

All  SAs 

MAFs  Only 

Number 

Avg. 

Number 

Maximum 

Avg. 

Number 

Maximum 

Date 

of  Fire 
Teams 

Scheduled  Sites 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

3 

,  E-3,  E-8,  E-10,  G-10,  J-6,  K-8,  K-11 

14.58 

3 

68.03 

12.47 

17.30 

3 

80.73 

17.64 

mtifirmi 

3 

,  E-3,  E-8,  E-10,  F-6,  G-10,  K-11 ,  N-5 

sirim 

3 

eub 

3 

m 

17.64 

mmm 

3 

3 

13.60 

3 

ITI 

19.29 

IKPamI! 

3 

,  B-2,  E-5.  E-8.  G-10.  J-4,  K-2,  K-7,  K-11 

3 

16.31 

3 

IM] 

iTO/Knl 

1/14/2004 

3 

.  B-2.  E-5.  E-8.  G-10,  K-11,  K-2.K-7 

10.55 

3 

TOW 

10.03 

3 

17.64 

1/20/2004 

3 

,  A-3.A-8,  B-3,  D-6,  D-7,  E-9,  G-10,  J-6,  K-4,  K-9,  K-11 

17.78 

3 

■HR] 

17.87 

3 

ItHEM 

20.62 

mmkl\ 

3 

.A-3.A-8,  C-9,  D-6,  E-7,  E-9,  E-10,  G-2,  G-10,  K-9,  K-11 

3 

14.73 

3 

im 

21.68 

mmi 

3 

i'nm 

■9 

3 

10.52 

3 

t±j 

\WtM 

3 

18.49 

3 

16.28 

3 

L1M1 

22.79 

1/28/2004 

3 

.A-2.A-8,  All,  E-7,  E-10,  G-2, 1-9 

11.40 

3 

Ftfil 

10.15 

3 

57.14 

12.71 

1/29/2004 

3 

,  E-7,  G-2,  A-2, 1-9,  A-8,  A-1 1 

10.54 

3 

I'rlll 

10.15 

3 

46.64 

12.71 

W, 

3 

ii"i  i  uw  *n  ftw  »  i  mwiFl'MiP  IM 

16.37 

3 

15.99 

3 

IM 

18.68 

WWM 

3 

m  -  1 

3 

14.48 

3 

IM 

18.68 

Hi 

3 

3 

lain 

15.99 

3 

I  vm 

19.69 

2/9/2004 

3 

,  E-11,  G-2,  C-5.A-5, 0-11,  E-9 

ua 

3 

14.43 

3 

iaa 

14.71 

f one 

3 

,  E-11,  B-4,  D-5,  D-7,  D-9,  D-10,  D-11,  E-4,  G-11,  M-4 

3 

til-'/l 

15.49 

3 

20.80 

mr/m 

3 

,  J-10,  E-11 ,  G-11,  M-4,  A-5,  A-10,  A-4,  J-6,  E-9,  D-10,  F-9 

15.30 

3 

15.44 

3 

im 

lKUzK 

mm 

3 

KB 

3 

4,59 

3 

wm 

mzm 

mmm 

3 

,  A-6,  B-4,  D-11,  E-11,  E-6,  E-9,  F-4,  G-11 ,  J-6,  K-7,  K-8,  N-1 1 ,  N-7 

21.13 

3 

IDflil 

19.22 

3 

fcViliil 

2/18/2004 

3 

,  G-11,  E-9,  A-6,  B-4,  C-6,  D-11  E-6,  E-11  F-4,  F-11 ,  J-6,  K-7,  K-B,  Mil 

21.31 

3 

II0K:1 

18.15 

3 

KIWI 

23.43 

2/19/2004 

3 

,  G-11,  E-9,  H-2,  A-4,  A-6,  A-8,  B-4.  C-6,  E-11  F-4 

15.64 

3 

i!KI 

13.72 

3 

IM 

20.94 

wm\i 

3 

,  E-9,  G-3,  A-9,  A-1 1 ,  K-10,  N-8 

3 

K-t'-l 

16.26 

3 

Uf'l 

23.30 

3 

,  E-9,  G-3,  K-10,  A-1 1 ,  F-4,  A-7,  A-8,  B-7,  D-3 

14.13 

3 

15.96 

3 

IlilEJ 

2/25/2004 

3 

.  E-9.  G-3.  A-7,  A-8.  E-7, 0-9,  L-4.  A-5 

14.97 

3 

EEsl 

3 

111.78 

20.62 

2/26/2004 

3 

,  E-9,  G-3,  D-7,  L-10,  E-B 

10.06 

3 

KsK.il 

10.13 

3 

40.07 

11.67 

3/2/2004 

3 

,  A-9,  G-3,  J-3,  N-7,  E-2,  K-11,  E-6 

19.96 

3 

K>ltl 

17.11 

3 

109.00 

22.38 

■ffiiiil! 

3 

,  G-3.  E-6,  E-2,  E-7,  D-4,  E-10,  E-11 

m 

9.26 

3 

EH 

[HEEiEi 

■»HE! 

3 

3 

7.98 

3 

TOH 

3/8/2004 

3 

.  E-6,  G-4,  A-8,  B-7 

3 

EEI 

11.84 

mm 

3 

Kiisl 

11.84 

3/9/2004 

3 

,  E-6,  G-4,  H-9,  B-7,  A-2,  A-8,  D-4,  H-10 

3 

■$!!* 

15.14 

17.11 

3 

22.25 

3/10/2004 

3 

,  E-6,  G-4,  FI-9,  A-2,  A-8,  D-4,  H-10 

3 

iaa 

15.14 

mm 

3 

RTfI 

22.25 

m  mn\ 

3 

3 

4,71 

3 

K4E>'I 

10.15 

emu! 

3 

UtiM 

3 

KiBl 

11.48 

3 

K#l 

14.71 

3/16/2004 

3 

,  G-4,  E-8 

0.00 

2 

2 

IBR1 

8.07 

3/17/2004 

3 

,  G-4,  E-8,  A-8,  G-6 

4.68 

3 

SSEil 

5.16 

3 

K-l»l 

10.15 

m>WM 

3 

,  G-4,  E-6,  A-5,  A-8 

6.47 

3 

TOW 

989 

3 

iim 

10.15 

MI 

3 

3 

9.74 

3 

1'iiii 

14.71 

IWfM 

3 

13  i 

3 

7.49 

3 

TOW 

10.12 

3/24/2004 

3 

,  E-6,  E-8,  A-6, 1-8,  C-4 

9.77 

3 

K/’j-vl 

12.30 

3 

46.42 

17.00 

3/25/2004 

3 

,  E-8, 1-8,  A-6 

0.00 

3 

■inn 

0.00 

3 

22.82 

874 

mifM\ 

3 

3 

6.71 

3 

mirnu 

3 

3 

6.71 

3 

KiEW 

(SEES! 

mimm 

3 

.  E-10.  B-4.  M-9,  J-11,  N-6,  G-6 

3 

HlirJ 

18.15 

3 

mm 

22.41 

4/8/2004 

3 

,  D-9,  E-10,  B-6,  B-7,  B-9,  F-4 

3 

lift! 

14.45 

3 

■an 

16.37 

4/7/2004 

3 

,  E-10,  N-6,  B-9.B-10.B-11,  F-4,  G-6,  M-5 

3 

■KK.1 

21.57 

■'Am 

3 

24.01 

iwmi\ 

3 

,  E-10,  A-8,  A-1 1,  B-7,  L-10,  M-5, 0-3 

3 

Fim 

13.32 

3 

EEI 

16.51 

IWpM 

3 

,  H-1 1 ,  B-4 ,  B-5 ,  A-1 1 ,  A-8 ,  B-6 

3 

7.86 

3 

■an 

10.15 

3 

,  0-4,  M-9, 0-3,  A-9,  J-5, 0-9 

KJiM 

3 

19.54 

3 

na 

iTO/MTOi 

5/3/2004 

3 

,G-7, 0-4,  C-3.M-8,  A-7,  B-11,  E-11,  L-2.L-11 

•I 

3 

ItSKi] 

3 

■S4I7.1 

27.31 

5/4/2004 

3 

,  0-4,  G-7,  M-8,  B-11 ,  L-2,  L-11,  A-7,  B-6,  C-9,  M-9, 0-9 

m 

3 

■Eftil 

18.81 

3 

■Mill 

26.86 

■.iMM 

3 

3 

BK1 

13.97 

3 

18.21 

3 

3 

mm 

17.51 

B9 

3 

EBB 

17.51 

3 

3 

mm 

17.51 

■nm 

3 

B5BB 

17.51 

Total: 

Averages  and  Total  number  of  FTs  Used: 

mm 

mm 

nil 

12.91 

mm 

KEB 

EEI 

17.12 

rliafUffli 

riiafira 

1  I'.'l 

B/HIBI 

Max. 

21.57 

K.ilW 

27.31 

■HHW 

mmHi 

mm 

Min. 

mmm 

HiM 

BEBW 

8.07 
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Appendix  N.  MCLP  Results,  Reduced  Data  Set  w/Reduced  Fire  Teams 


Max  Cover 

All  SAs 

Number  of 

Avg. 

Number 

Maximum 

Date 

Fire 

Teams 

Scheduled  Sites 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not 
covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

3 

,  E-3,  E-8,  E-10,  G-10,  J-6,  K-8,  K-11 

23,80 

3 

111.07 

19.58 

1/8/2004 

,  E-3,  E-8,  E-10,  F-6,  G-10,  K-11 ,  N-5 

20.32 

3 

P! PI 

19.54 

1/12/2004 

3 

,  D-11 ,  E-2,  G-10,  J-4,  K-2,  K-5,  K-7,  K-9,  K-11 

21.98 

2 

Itfl-rJ 

19.10 

1/13/2004 

3 

,  13-2,  E-5,  E-8,  G-10,  J-4,  K-2,  K-7,  K-11 

3 

19.10 

1/14/2004 

3 

.B-2.E-5,  E-8,  G-10,  K-11,  K-2,  K-7 

3 

wmm 

19.54 

1/20/2004 

3 

,  A-3,  A-8,  B-3,  D-6,  D-7,  E-9,  G-10.  J-6.  K-4,  K-9.  K-11 

3 

wirei 

19.29 

1/21/2004 

3 

,  A-3,  A-8,  C-9,  D-6.  E-7,  E-9,  E-10.  G-2,  G-10,  K-9,  K-11 

19.14 

3 

IE!#! 

19.17 

1/22/2004 

3 

,  A-3,  A-8,  B-3,  C-9,  G-10 

17.82 

3 

18.65 

1/27/2004 

3 

17.25 

3 

19.96 

1/28/2004 

3 

,A-2,  A-8,  A-11 ,  E-7,  E-10,  G-2, 1-9 

3 

wmm 

1947 

1/29/2004 

3 

.  E-7.  G-2,  A-2, 1-9,  A-8,  A-1 1 

21  02 

2 

19.96 

2/3/2004 

3 

,  D-8,  E-11 ,  G-2,  E-2,  A-8,  K-11 ,  D-4,  H-7,  C-5,  D-7 

15.26 

3 

IMM-I 

17.19 

2/4/2004 

3 

,  D-8,  E-11 ,  G-2,  E-10,  E-2,  A-8,  K-11 ,  D-4,  C-5,  D-7 

2 

17.19 

2/5/2004 

3 

,  D-8,  E-11 ,  G-2,  C-4,  A-2,  A-8,  A-10,  C-5,  D-9,  E-2,  G-11 

18.35 

3 

■Kca 

17.57 

2/9/2004 

3 

,  E-11.  G-2,  C-5,  A-5,  0-11,  E-9 

18.91 

2 

m mm 

18.41 

2/10/2004 

3 

,  E-11 .  B-4,  D-5,  D-7,  D-9,  D-10,  D-11 .  E-4,  G-11 .  M-4 

16.19 

3 

|[>r/=:i 

19.22 

2/11/2004 

3 

,  J-10,  E-11 ,  G-11 ,  M-4,  A-5,  A-10,  A-4 ,  J-6 ,  E-9,  D-10,  F-9 

16.77 

3 

■mm 

19.32 

2/12/2004 

3 

,  E-11,  D-7,  B-4,  D-10 

17.09 

1 

WAxM 

18.40 

2/17/2004 

3 

,  A-6,  B-4,  D-11 ,  E-11 ,  E-6,  E-9,  F-4,  G-11 ,  J-6,  K-7,  K-8,  N-11 ,  N-7 

3 

■M-Jitf 

19.22 

2/18/2004 

3 

,  G-11 .  E-9,  A-6,  B-4,  C-6,  D-11 ,  E-6,  E-11 ,  F-4,  F-11 .  J-6.  K-7.  K-8,  N-11 

21.71 

3 

«WKI 

19.60 

2/19/2004 

3 

14.57 

3 

■ana 

17.23 

2/23/2004 

3 

,  E-9,  G-3.A-9,  A-11,  K-10.N-8 

20.85 

3 

MMEH 

16.26 

2/24/2004 

3 

2 

18.03 

2/25/2004 

3 

,  E-9,  G-3,  A-7,  A-8.  E-7.  0-9,  L-4,  A-5 

■MEH 

3 

wmm 

18.32 

2/26/2004 

3 

,  E-9,  G-3,  D-7,  L-10,  E-8 

2 

19.45 

3/2/2004 

3 

,  A-9,  G-3.  J-3,  N-7,  E-2.  K-11 ,  E-6 

22.59 

3 

mmm 

17.81 

3/3/2004 

3 

,  G-3,  E-6,  E-2,  E-7.  D-4,  E-10,  E-11 

21.78 

2 

Edil-71 

17.13 

3/4/2004 

3 

,  G-3,  E-6,  F-11 ,  D-4,  E-10,  E-11 ,  K-11 

2 

■[>114:1 

17.13 

3/8/2004 

3 

,  E-6,  G-4,  A-8,  B-7 

3 

»!*!>■ 

17.13 

3/9/2004 

3 

,  E-6,  G-4,  FI-9,  B-7.  A-2,  A-8,  D-4,  H-10 

24.41 

3 

turn 

18.57 

3/10/2004 

3 

,  E-6,  G-4,  H-9,  A-2,  A-8,  D-4,  FI-10 

23.40 

3 

BliliW 

18.57 

3/11/2004 

3 

3 

mmm 

19.65 

3/15/2004 

3 

,  D-5.  G-4,  A-5,  E-8 

3 

wmm 

18.56 

3/17/2004 

3 

,  G-4,  E-8,  A-8,  G-6 

2 

E313I 

18.75 

3/18/2004 

3 

,  G-4,  E-6,  A-5,  A-8 

21.80 

2 

KflEI 

15.92 

3/22/2004 

3 

,  E-6,  E-8,  G-9,  A-5,  B-4 

22.41 

2 

mmm 

19.54 

3/23/2004 

3 

Wr'tklW 

2 

im 

19.70 

3/24/2004 

3 

,  E-6,  E-8,  A-6, 1-8,  C-4 

3 

■MW 

19.54 

3/29/2004 

3 

,  E-6,  E-10,  M-5,  M-6 

2 

■*i m 

17.13 

3/30/2004 

3 

,  E-6,  E-10,  M-5,  M-6 

23.58 

2 

W&A 

17.13 

4/5/2004 

3 

.  E-10,  B-4,  M-9,  J-11 ,  N-6,  G-6 

3 

HW 1 

19.71 

4/6/2004 

3 

,  D-9,  E-10.  B-6,  B-7,  B-9,  F-4 

3 

E*>I:| 

16.37 

4/7/2004 

3 

,  E-10.  N-6.  B-9,  B-10,  B-11,  F-4,  G-6.  M-5 

3 

■rawa 

19.71 

■Bun 

4/12/2004 

3 

,  E-10,  A-8,  A-11,  B-7,  L-10,  M-5,  0-3 

19.68 

2 

twm 

16.66 

4/14/2004 

3 

,  FI-11,  B-4,  B-5,  A-11,  A-8,  B-6 

19.99 

3 

18.33 

4/29/2004 

3 

22.36 

3 

■4-JEEI 

19.54 

5/3/2004 

3 

,  G-7,  0-4,  C-3,  M-8,  A-7,  B-11 .  E-11 .  L-2,  L-11 

3 

19.67 

■cm 

5/4/2004 

3 

,  0-4,  G-7,  M-8.  B-11,  L-2,  L-11,  A-7,  B-6,  C-9,  N-9,  0-9 

■*iy 

3 

19.95 

5/5/2004 

3 

22.98 

3 

1’it'fl 

19.66 

5/9/2004 

3 

,  0-4,  G-7,  A-11 ,  C-8,  G-2 

23.99 

3 

IlHMtil 

17.51 

5/10/2004 

3 

23.99 

3 

u&a 

17.51 

Total: 

153 

Averages  and  Total  number  of  FTs  Used: 

20.67 

■HH 

Ena 

18.54 

%  FTs  used 

Max. 

Max. 

Max. 

26.14 

202.64 

19.96 

Min. 

Min. 

Min. 

14.57 

45.57 

15.92 
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Appendix  O.  p-median  Results,  Reduced  Data  Set  w/Reduced  Fire  Teams 


P-Median 

All  SAs 

Number  of 

Avg. 

Number 

Maximum 

Date 

Fire 

Scheduled  Sites 

Response 

of  Fire 

Total 

Distance  of  any 

LFs  not 

Teams 

Time 

Teams 

Distance 

Fire  Team  to  a 

covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

3 

11.27 

3 

23.07 

1/B/2004 

3 

,  E-3,  E-8,  E-10,  F-6,  G-10,  K-1 1 ,  N-5 

9.22 

3 

1396 

1/12/2004 

3 

,  D-11 ,  E-2,  G-10,  J-4,  K-2,  K-5,  K-7,  K-9,  K-1 1 

10.42 

3 

18.87 

1/13/2004 

3 

,  B-2,  E-5,  E-8,  G-10 ,  J-4 ,  K-2,  K-7,  K-1 1 

3 

■&t« 

26.31 

1/14/2004 

3 

8.38 

3 

vmm 

14.48 

1/20/2004 

3 

RitKitKHIlMIMSiltailMiM'CriKISIlK-";: - ! 

15.86 

3 

KWi 

25.90 

1/21/2004 

3 

,  A-3,  A-8,  C-9,  D-6,  E-7,  E-9,  E-10,  G-2,  G-10,  K-9,  K-1 1 

12.58 

3 

WrVM 

19.47 

1/22/2004 

3 

.A-3.A-8,  B-3,  C-9.G-10 

Em 

3 

n#*i 

16.35 

1/27/2004 

3 

,  A-11 .  A-8.  D-2,  D-6,  E-10,  E-7,  G-2,  G-6. 1-10,  K-5 

3 

23.61 

1/28/2004 

3 

,  A-2,  A-8,  A-1 1 ,  E-7.  E-10,  G-2, 1-9 

3 

KB-f 

18.10 

1/29/2004 

3 

,  E-7,  G-2,  A-2, 1-9,  A-8,  A-11 

3 

warn 

18.10 

2/3/2004 

3 

12.91 

3 

21.81 

2/4/2004 

3 

,  D-8,  E-11 ,  G-2,  E-10,  E-2,  A-8,  K-11 ,  D-4,  C-5,  D-7 

3 

euki 

17.87 

2/5/2004 

3 

,  D-8,  E-11 ,  G-2,  C-4,  A-2,  A-8,  A-10,  C-5,  D-9,  E-2,  G-11 

3 

mma 

17.19 

2/9/2004 

3 

,  E-11,  G-2,  C-5,  A-5,  0-11,  E-9 

7.63 

3 

KiMI 

16.09 

2/10/2004 

3 

,  E-11 .  B-4,  D-5,  D-7,  D-9,  D-10,  D-11 ,  E-4,  G-11 .  M-4 

■mwim 

3 

15.49 

2/11/2004 

3 

,  J-10,  E-11 ,  G-11 ,  M-4,  A-5,  A-10,  A-4,  J-6,  E-9,  D-10,  F-9 

3 

1609 

2/12/2004 

3 

,  E-11,  D-7,  B-4,  D-10 

2.85 

3 

7.60 

2/17/2004 

3 

,  A-6,  B-4,  D-11 ,  E-11 ,  E-6,  E-9,  F-4,  G-11 ,  J-6,  K-7,  K-8,  N-11 ,  N-7 

3 

29.91 

2/18/2004 

3 

,  G-11 .  E-9,  A-6,  B-4,  C-6,  D-11 ,  E-6,  E-11 ,  F-4,  F-11 ,  J-6,  K-7.  K-8.  N-11 

17.61 

3 

26.21 

2/19/2004 

3 

12.70 

3 

19.57 

2/23/2004 

3 

15.26 

3 

mwm 

25.26 

2/24/2004 

3 

,  E-9,  G-3,  K-10,  A-11 .  F-4,  A-7,  A-8,  B-7,  D-3 

13.76 

3 

■=>#■ 

22.26 

2/25/2004 

3 

,  E-9,  G-3,  A-7.  A-8.  E-7.  0-9,  L-4,  A-5 

12.56 

3 

27.08 

2/26/2004 

3 

,  E-9,  G-3,  D-7,  L-10,  E-8 

6.13 

3 

wmm 

15.82 

3/2/2004 

3 

,  A-9,  G-3.  J-3,  N-7.  E-2.  K-1 1 ,  E-6 

3 

EX71 

22.99 

3/3/2004 

3 

,  G-3,  E-6,  E-2,  E-7.  D-4,  E-10.  E-11 

6.86 

3 

mmm 

10.50 

3/4/2004 

3 

, G-3, E-6, F-11, D-4, E-10, E-11, K-11 

795 

3 

13.29 

3/8/2004 

3 

,  E-6,  G-4,  A-8,  B-7 

8.21 

3 

21.90 

3/9/2004 

3 

,  E-6,  G-4,  H-9,  B-7,  A-2,  A-8,  D-4,  H-10 

3 

IvlEEl 

25.51 

3/10/2004 

3 

,  E-6,  G-4,  H-9,  A-2,  A-8,  D-4,  H-10 

11.32 

3 

■.tJCIB 

25.51 

3/11/2004 

3 

3.09 

3 

5.59 

3/15/2004 

3 

7.76 

3 

16.09 

3/17/2004 

3 

3.33 

3 

8.88 

3/18/2004 

3 

6.45 

3 

17.19 

3 

8.28 

3 

1840 

3 

,  E-6.  A-5,  G-9,  G-11 ,  E-8 

3 

wwm 

9.18 

3/24/2004 

3 

8.51 

3 

wvurn 

19.18 

3/29/2004 

3 

,  E-6,  E-10,  M-5,  M-6 

BHiH 

3 

9.24 

3/30/2004 

3 

,  E-6,  E-10,  M-5,  M-6 

3 

M&zm 

9.24 

4/5/2004 

3 

,  E-10,  B-4,  M-9.J-11.N-6,  G-6 

3 

25.51 

4/6/2004 

3 

,  D-9,  E-10.  B-6,  B-7,  B-9,  F-4 

Em 

3 

21.41 

4/7/2004 

3 

,  E-10,  N-6,  B-9,  B-10,  B-11 ,  F-4,  G-6,  M-5 

17.78 

3 

wmm 

33.47 

4/12/2004 

3 

,  E-10,  A-8,  A-11,  B-7,  L-10,  M-5,  0-3 

MITEM 

3 

18.15 

4/14/2004 

3 

,  H-11,  B-4,  B-5,  A-11,  A-8,  B-6 

6  36 

3 

WtiM 

15.13 

4/29/2004 

3 

,  0-4,  M-9,  C-3,  A-9,  J-5,  0-9 

15.10 

3 

WPI 

30.22 

5/3/2004 

3 

19.07 

3 

K(F!kl 

29.62 

5/4/2004 

3 

,  0-4,  G-7,  M-8,  B-11 ,  L-2,  L-11 ,  A-7,  B-6,  C-9,  N-9,  0-9 

16.65 

3 

lyxii 

24.00 

5/5/2004 

3 

,  0-4,  G-7,  M-8,  B-6,  C-9,  N-9 

12.25 

3 

18.07 

5/9/2004 

3 

,  0-4,  G-7,  A-11 ,  C-8,  G-2 

3 

F*»JI 

33.20 

5/10/2004 

3 

,  0-4,  G-7,  A-11 ,  C-8,  G-2 

3 

mmm 

33.20 

Total: 

153 

Averaqes  and  Total  number  of  FTs  Used: 

10.92 

153 

57.65 

19.83 

%  FTs  used 

100.00% 

Max. 

Max. 

Max. 

19.07 

164.35 

33.47 

Min. 

Min. 

Min. 

2.85 

7.60 

5.59 
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Appendix  P.  p-center  Results,  Reduced  Data  Set  w/Reduced  Fire  Teams 


P-Center 

All  SAs 

Number  of 

Avg. 

Number 

Maximum 

Fire 

Response 

of  Fire 

Total 

Distance  of  any 

LFs  not 

a  e 

Teams 

Time 

Teams 

Distance 

Fire  Team  to  a 

covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

15.46 

3 

12.47 

1/8/2004 

3 

■■TIM 

10.50 

1/12/2004 

3 

wmm 

13.60 

1/13/2004 

3 

B2I5B 

16.31 

1/14/2004 

3 

mmm 

10.03 

1/20/2004 

3 

■k+ll 

17.87 

1/21/2004 

3 

K5cKS:ff<8:H i!4 =Mi =£■  =9 1 iKeMleS  1  il %l | '  .  0 

14.21 

3 

*->1 

14.77 

1/22/2004 

3 

3 

manm 

10.52 

1/27/2004 

3 

,  A-11 ,  A-8,  D-2,  D-6,  E-10,  E-7,  G-2,  G-6,  1-10,  K-5 

3 

■KIEkl 

16.33 

1/28/2004 

3 

■tfUB 

10.15 

1/29/2004 

3 

10.17 

2/3/2004 

3 

,  D-8,  E-11 ,  G-2,  E-2,  A-8,  K-11 ,  D-4,  H-7,  C-5,  D-7 

3 

■EKIhl 

15.99 

2/4/2004 

.  D-8,  E-11 ,  G-2,  E-10,  E-2,  A-8,  K-11 ,  D-4,  C-5,  D-7 

3 

14.48 

2/5/2004 

16.49 

3 

■WililB 

15.99 

2/9/2004 

3 

,  E-11,  G-2,  C-5,  A-5,  0-11,  E-9 

3 

mam 

14.48 

2/10/2004 

14.26 

3 

15.49 

2/11/2004 

m\nvm 

3 

15.44 

2/12/2004 

6.43 

3 

4.59 

2/17/2004 

3 

■kill* 

19.22 

2/18/2004 

■aii£K!!i:EaiisiiiMa4iaiasmH!4i:«as!:iin*‘ii 

3 

18.15 

EH! 

3 

3 

13.72 

2/23/2004 

3 

,  E-9,  G-3,  A-9,  A-11,  K-10,  N-8 

3 

HMI 

16.26 

2/24/2004 

3 

3 

15.96 

3 

3 

17.00 

2/26/2004 

3 

,  E-9,  G-3,  D-7,  L-10,  E-8 

3 

m«~m 

10.13 

3/2/2004 

3 

,  A-9,  G-3,  J-3,  N-7,  E-2,  K-11,  E-6 

mrXKim 

3 

17.11 

3/3/2004 

3 

,  G-3,  E-6,  E-2,  E-7,  D-4,  E-10,  E-11 

8.70 

3 

■!iH« 

9.26 

3/4/2004 

9.60 

3 

KER=iH 

7.98 

3/8/2004 

3 

3 

K4&B 

11.84 

3/9/2004 

3 

3 

15.14 

3/10/2004 

3 

,  E-6,  G-4,  H-9,  A-2,  A-8,  D-4,  H-10 

14.91 

3 

EF-I 

15.14 

3/11/2004 

3 

4.77 

3 

BkfclB 

4.71 

3/15/2004 

3 

13.40 

3 

11.48 

3/17/2004 

3 

,  G-4,  E-8,  A-8,  G-6 

4.68 

3 

bheeb 

5.16 

3/1 8/2004 

3 

bu^b 

9.89 

3/22/2004 

.tnw* 

9.91 

3 

BfclfrB 

9.74 

3/23/2004 

8.24 

3 

W'K’M 

7.49 

3/24/2004 

3 

KiMB 

12.30 

3/29/2004 

3 

,  E-6,  E-10,  M-5,  M-6 

6.15 

3 

6.71 

3/30/2004 

3 

,  E-6,  E-10,  M-5,  M-6 

6.15 

3 

BiaiB 

6.71 

4/5/2004 

3 

,  E-10,  B-4,  M-9,  J-11,  N-6,  G-6 

3 

mmm 

18.15 

4/6/2004 

3 

,  D-9,  E-10,  B-6,  B-7,  B-9,  F-4 

3 

14.45 

4/7/2004 

3 

,  E-10,  N-6,  B-9,  B-10,  B-11,  F-4,  G-6,  M-5 

3 

■Ei-H'Il 

21.57 

4/12/2004 

3 

,  E-10,  A-8,  A-11,  B-7,  L-10,  M-5,  0-3 

3 

K+a 

13.32 

4/14/2004 

3 

,  H-11,  B-4,  B-5,  A-11,  A-8,  B-6 

974 

3 

BS*>B 

7.86 

4/29/2004 

3 

,  0-4,  M-9,  C-3,  A-9,  J-5,  0-9 

3 

19.54 

5/3/2004 

3 

,  G-7,  0-4,  C-3,  M-8 ,  A-7 ,  B-11 ,  E-11 ,  L-2,  L-11 

3 

■MROl 

21.40 

5/4/2004 

3 

,  0-4,  G-7,  M-8,  B-11 ,  L-2,  L-11 ,  A-7,  B-6,  C-9,  N-9,  0-9 

■iHM 

3 

■Etli'd 

18.81 

5/5/2004 

3 

,  0-4,  G-7,  M-8,  B-6,  C-9,  N-9 

17.54 

3 

■MM 

13.97 

5/9/2004 

3 

,  0-4,  G-7,  A-11,  C-8,  G-2 

3 

MflKM 

17.51 

5/10/2004 

3 

,  0-4,  G-7,  A-11,  C-8,  G-2 

3 

B£I£fl 

17.51 

Total: 

153 

Averages  and  Total  number  of  FTs  Used: 

mitm 

13.42 

tiii^ni-U! 

KEjEjjg 

Max. 

Max. 

Max. 

25.32 

199.06 

21.57 

Min. 

Min. 

Min. 

4.68 

12.48 

4.59 
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Appendix  Q.  Hybrid  Results,  Reduced  Data  Set  w/Reduced  Fire  Teams 


Hybrid 

All  SAs 

Number 

Avg. 

Number 

Maximum 

Date 

of  Fire 

Scheduled  Sites 

Response 

of  Fire 

Total 

Distance  of  any 

LFs  not 

Teams 

Time 

Teams 

Distance 

Fire  Team  to  a 

covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

3 

.  E-3,  E-8,  E-10,  G-10,  J-6,  K-8,  K-11 

14,58 

3 

68.03 

12.47 

1 78/2004 

3 

3 

10.50 

1/12/2004 

3 

,  D-1 1 ,  E-2.  G-10,  J-4.  K-2,  K-5,  K-7,  K-9,  K-11 

12.26 

3 

13.60 

1/13/2004 

3 

,  B-2.  E-5,  E-8,  G-10,  J-4,  K-2,  K-7,  K-11 

14.43 

3 

16.31 

1/14/2004 

3 

,  B-2.  E-5,  E-8,  G-10,  K-11.  K-2,  K-7 

10.55 

3 

10.03 

1/20/2004 

lf_jiiBc] 

■Hi-W 

3 

17.87 

1/21/2004 

3 

,  A-3,  A-8,  C-9,  D-6,  E-7,  E-9,  E-10,  G-2,  G-10,  K-9,  K-11 

14.03 

3 

14.73 

1/22/2004 

3 

,  A-3,  A-8,  B-3,  C-9.  G-10 

9.53 

3 

10.52 

1/27/2004 

3 

,  A-11 .  A-8,  D-2,  D-6.  E-10.  E-7,  G-2,  G-6, 1-10,  K-5 

18.49 

3 

■i «**■ 

16.28 

1/28/2004 

3 

3 

10.15 

1/29/2004 

[£^Bc  1 

3 

10.15 

2/3/2004 

3 

,  D-8,  E-1 1 ,  G-2,  E-2.  A-8.  K-11 ,  D-4,  H-7,  C-5,  D-7 

16.37 

3 

■liana; 

15.99 

2/4/2004 

3 

.  D-8,  E-1 1 .  G-2,  E-10,  E-2.  A-8,  K-11 ,  D-4.  C-5.  D-7 

12.83 

3 

14.48 

2/5/2004 

■®*3nCF*®^^3KSnWE«!SiraJF5«F - * 

3 

15.99 

2/9/2004 

IseizeBc] 

BX3K 

3 

14.43 

2/10/2004 

3 

,  E-1 1 ,  B-4,  D-5,  D-7,  D-9,  D-10,  D-1 1 ,  E-4,  G-11,  M-4 

10.74 

3 

15.49 

2/11/2004 

3 

,  J-10,  E-1 1.  G-11.  M-4,  A-5.A-10.A-4,  J-6,  E-9.  D-10,  F-9 

15.30 

3 

15.44 

2/12/2004 

3 

3.40 

3 

4.59 

2/17/2004 

3 

,  A-6,  B-4,  D-1 1 ,  E-1 1 ,  E-6,  E-9,  F-4,  G-11 ,  J-6,  K-7,  K-8,  N-11 . 14-7 

21.13 

3 

19.22 

2/18/2004 

3 

,  G-11 ,  E-9,  A-6,  B-4,  C-6,  D-1 1 ,  E-6,  E-1 1 ,  F-4,  F-11 ,  J-6,  K-7,  K-8,  N-11 

mm* 

3 

BEE1 

18.15 

2/19/2004 

3 

.G-11,  E-9,  H-2,  A-4,  A-6,  A-8,  B-4,  C-6.  E-1 1 .  F-4 

3 

13.72 

2/23/2004 

ir*§ME3 

3 

16.26 

2/24/2004 

3 

15.96 

2/25/2004 

3 

,  E-9,  G-3,  A-7,  A-8,  E-7,  0-9,  L-4,  A-5 

3 

17.00 

2/26/2004 

3 

,  E-9.  G-3.  D-7.  L-10,  E-8 

3 

10.13 

3/2/2004 

3 

17.11 

3/3/2004 

Ir^sgBS 

3 

9.26 

3/4/2004 

3 

,  G-3,  E-6,  F-11,  D-4,  E-10,  E-1 1,  K-11 

9.60 

3 

7.98 

3/8/2004 

3 

,  E-6.  G-4,  A-8,  B-7 

8.25 

3 

11.84 

3/9/2004 

- 

3 

15.14 

3/10/2004 

lirs^Bc] 

3 

15.14 

3/11/2004 

3 

,  A-9,  E-6,  G-4,  FI-9,  A-8 

3.37 

3 

4.71 

3/15/2004 

3 

,  D-5,  G-4,  A-5,  E-8 

7.77 

3 

mi  warn 

11.48 

3/17/2004 

3 

5.16 

3/18/2004 

ESBg] 

B3EEB 

3 

9.89 

3/22/2004 

3 

,  E-6,  E-8,  G-9,  A-5.  B-4 

8.29 

3 

9.74 

3/23/2004 

3 

,  E-6,  A-5,  G-9,  G-11,  E-8 

6.73 

3 

7.49 

3/24/2004 

rQE^Bc] 

9.77 

3 

12.30 

3/29/2004 

3 

,KV£B 

3 

6.71 

3/30/2004 

3 

,  E-6,  E-10,  M-5,  M-6 

4.45 

3 

6.71 

4/5/2004 

3 

,  E-10,  B-4,  M-9,  J-11,  N-6,  G-6 

17.77 

3 

18.15 

4/8/2004 

3 

14.45 

4/7/2004 

KTcS-Bs] 

,  E-10,  N-6,  B-9,  B-10,  B-11,  F-4,  G-6,  M-5 

■^11 

3 

21.57 

4/12/2004 

3 

,  E-10,  A-8,  A-11 ,  B-7,  L-10,  M-5,  0-3 

12.87 

3 

13.32 

4/14/2004 

3 

.H-11,  B-4,  B-5,  A-11,  A-8.  B-6 

6.37 

3 

■fetfiM 

7.86 

4/29/2004 

3 

,  0-4,  M-9,  C-3.A-9,  J-5,  0-9 

20.07 

3 

19.54 

5/3/2004 

3 

,  G-7,  0-4,  C-3,  M-8,  A-7,  B-11 ,  E-1 1 ,  L-2,  L-11 

3 

21.40 

5/4/2004 

3 

18.38 

3 

18.81 

5/5/2004 

3 

,  0-4,  G-7,  M-8,  B-6,  C-9,  N-9 

12.87 

3 

13.97 

5/9/2004 

3 

,  0-4,  G-7,  A-11,  C-8,  G-2 

14.26 

3 

17.51 

5/10/2004 

■nzzm\ 

mivim 

3 

WM&m 

17.51 

Total: 

153 

Averaqes  and  Total  number  of  FTs  Used: 

12.53 

153 

66.32 

13.42 

\  FTs  used 

100.00% 

Max. 

Max. 

Max. 

23.31 

198.88 

21.57 

Min. 

Min. 

Min. 

3.37 

9.06 

4.59 
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Appendix  R.  MCLP  Results,  Full  Data  Set  w/  Reduced  Maximum  Distance 


Date 

Fire 

Scheduled  Sites 

Available 

1/7/2004 

_ 5J 

.E-3.E-8.E-10.G-10.J-6.K-8.K-11 

1/8/2004 

3 

,  E-3,  E-8,  E-10,  F-6,  G-10,  K-11,  N-5 

Avg.  Number  Maximum 

Response  of  Fire  Total  Distance  of  any 
Time  Teams  Distance  Fire  Team  to  a 
(Minutes)  Used  Penetrated  LF 

9.20  5  42.94  9.23 

13.43  3  53.72  9.93 


Avg.  Number  Maximum 

Response  of  Fire  Total  Distance  of  any 
Time  Teams  Distance  Fire  Team  to  a 
(Minutes)  Used  Penetrated  LF 

11.72  4  46.86  9.23 

11  52  3  30.73  9.03 


,E-1Q 

.E-10.K-11.N-5 
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Appendix  S.  MCLP  Results,  Reduced  Data  Set  w/  Reduced  Maximum  Distance 


Max  Cover 

All  SAs 

Number  of 

Avcj. 

Number 

Maximum 

Date 

Fire 

Teams 

Scheduled  Sites 

Response 

Time 

of  Fire 
Teams 

Total 

Distance 

Distance  of  any 
Fire  Team  to  a 

LFs  not  covered 

Available 

(Minutes) 

Used 

Penetrated  LF 

1/7/2004 

5 

,  E-3,  E-8,  E-10,  G-10,  J-6,  K-8,  K-11 

9,20 

5 

42.94 

9.23 

1/8/2004 

3 

3 

PM 

9.93 

,  E-10 

5 

,  D-11 ,  E-2,  G-10,  J-4,  K-2,  K-5,  K-7,  K-9,  K-11 

■IfciM 

5 

mim 

9.93 

1/13/2004 

5 

,  B-2,  E-5,  E-8,  G-10,  J-4,  K-2,  K-7,  K-11 

10.75 

5 

Pftfl 

9.98 

5 

8.41 

5 

mm 

9.18 

5 

5 

■  in 

9.83 

,  A-8,  B-3 

1/21/2004 

5 

5 

9.62 

1/22/2004 

4 

Ixma 

4 

H#l 

9.64 

4 

4 

PM 

8.96 

4 

4 

mm 

9.80 

1/29/2004 

5 

5 

mam 

8.56 

2/3/2004 

li1  M _ _ 

5 

PM 

9.58 

5 

5 

mm 

9.62 

5 

5 

hm 

9.94 

4 

1  ^  1  MeWiig.'W^iia  11  "——.J 

HIM 

4 

iaa 

9.94 

2/10/2004 

5 

5 

PP1 

9.84 

2/11/2004 

5 

,  J-10,  E-1 1 ,  G-11 ,  M-4,  A-5,  A-10,  A-4,  J-6,  E-9,  D-10,  F-9 

5 

mm 

9.94 

4 

1  fl  1  \\\W  M 

4 

IJIM 

9.90 

■MJBl.lMJi 

2/18/2004 

4 

,  G-11 ,  E-9,  A-6,  B-4,  C-6,  D-11 ,  E-B,  E-11 ,  F-4,  F-11 ,  J-6,  K-7,  K-8,  N-11 

8.48 

4 

mm 

9.90 

2/19/2004 

4 

EDEJCSEJEWiiaaanm  -  -r* 

4 

PM 

9.93 

4 

4 

mm 

9.38 

,  K-10 

4 

imdiabiEaiiuiM^ 

4 

mm 

9.73 

,  E-9 

2/25/2004 

4 

,  E-9,  G-3,  A-7,  A-8,  E-7,  0-9,  L-4,  A-5 

fOlifuM 

4 

PM 

9.89 

2/26/2004 

4 

9.58 

4 

m\m 

9.28 

4 

,A-9,  G-3,  J-3.N-7,  E-2,  K-11,  E-6 

4 

W)MM 

9.64 

,  J-3,  N-7 

3/3/2004 

3 

rarareaaryi  n  ■  * 

8.70 

3 

■I'M 

9.26 

5 

9.37 

3 

EMM 

9.95 

4 

BasiaiiisaiayjgjaiiwHM-  -  - 2* 

8.28 

4 

PKI 

6.91 

,  E-6 

4 

,  E-6,  G-4,  H-9,  A-2,  A-8,  D-4,  H-10 

4 

PM 

6.91 

,  E-6 

4 

3 

mim 

9.64 

3/22/2004 

4 

9.27 

4 

pm 

9.44 

4/5/2004 

4 

■ai«:81i8!!MMiia|iM*-,  HI...................  MMjti| 

4 

mm 

8.88 

/■.l!  MJ!  ■  ; 

4/8/2004 

5 

4 

PM 

8.42 

4/7/2004 

5 

,  E-10,  N-6.B-9.B-10.B-11,  F-4,  G-6.M-5 

5 

W&iM 

9.99 

,  N-6 

4/12/2004 

3 

,  E-10,  A-8,  A-11,  B-7,  L-10,  M-5,  0-3 

3 

mm 

9.47 

,  M-5 

4/14/2004 

3 

3 

pm 

9.82 

4/29/2004 

5 

5 

ua 

9.17 

5/3/2004 

5 

,  G-7, 0-4,  C-3,  M-8,  A-7,  B-11,  E-11,  L-2,  L-11 

5 

Wfkm 

9.20 

,  M-8 

5 

,  0-4,  G-7,  M-8,  B-11 ,  L-2,  L-11 ,  A-7,  B-6,  C-9,  N-9,  0-9 

5 

g'rlr'J 

9.60 

,  G-7,  M-8 

5 

5 

«IM 

9.38 

4 

4 

Wfk'M 

9.20 

Total: 

179 

Averages  and  Total  number  of  FTs  Used: 

9.87 

El£l 

9.42 

%  FTs  used 

97.77% 

Max. 

Max. 

Max. 

13.43 

80  25 

9.99 

Min. 

Min. 

Min. 

7.17 

27.76 

6.91 
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